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ABSTRACT 


The mobilities p of electrons and p, Of ions generated 
by ionization of CH, and deuterated analogues were measured 
as functions of electric field E along the vapor-liquid 
coexistence curve and in the gas along isochores. The 
density range from n ~ 1 x 1022 molec/m? (dilute gas) to 
nner eyyx 1027 molec/m? (liquid near triple point) was 
investigated. 

In the gas, wp was independent of electric field 
strength up to a threshold (E/n)tnr> Electron heating 
either by fields above (E/n),,, or by T caused p» to 
increase because of the energy dependence of the scattering 
cross section o,. Values of o, did not change with 
isotopic substitution. The ratio of the drift velocity at 
the threshold field, Gata? to the speed of sound, c,; is 
~l1 when electrons lose energy predominantly by elastic 
scattering. The ratio is >1 when inelastic scattering 
occurs. In low density methane gas at constant n 
(v4"96) /c., ~ 1 at low T but increased to ~14 at 636K. This 
was attributed to the opening of vibrational channels at 
high temperatures. In the saturated gas the normalized 
mobility ny at low fields was ~2 x 1029 molec/Vsm for 
n < 3 x 1022 molec/m?. np decreased to ~1l x 1022 molec/Vsm 


at nw~4x 1027 molec/m3 and increased on approaching the 
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critical density, ne ieee lax 1027 molec/m3. The decrease 
was due to electron quasilocalization in density 
Fluctuations. The temperature coefficient of mobility E 
along isochores increased superlinearly with density at 


5 < n(102© molec/m3) < 61, independent of isotopic 


sopstitution..,AT n E,, was ~140 kJ/mol. Heating the gas 


ce ap 

at constant n lowered the extent of fluctuations and 
thereby electron quasilocalization. The increase in np at 
Devs, 4.. x 1027 molec/m? was due to conduction band 
formation.» iini the-diguid. atin «10.7 x 1027 molec/m? a 


927 


MAAN: DM nde XY hoy db molec/Vsm was reached. Values of 


Biman Verena po0,times larger.than.nuin,the.dilutegas....The 
values of Nina x Were in the order CH4g:CD4:CHD3:CH3D:CH9D5 = 
1.00:0.73:0.72:0.66:0.59. Altering the spherelike symmetry 
eri, led to enhanced scattering in the liquid. ,The field 
dependence of mobility dp/dE was positive at n < 8.5 x 102? 
molec/m3 but it was negative at higher n. The change of 
sign also caused a cusp in the value of (75D hes at 
8.5 x 1027 molec/m?>. In the normal liquid at n/n, >t Di 
(bot) /ox was ~4, which indicated appreciable inelastic 
scattering. 

The ion mobility was independent of E/n between 0.1 
anael5 Td. in the gas atin < 12 x 102° molec/m?, ae 


increased with T due to: (1) declustering of the ion and 


(2) energy dependence of the scattering cross section. 
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Values of np, were independent of n in the saturated vapors 
between 1 x 102° and 6.1 x 1027 molec/m? (ie) ure 
temperature coefficients of py, in the gas at constant n 
were similar to Ey Fomretectrons.< Athan )> ne nie 
increased, reaching a maximum at ~ll x 1027 molec/m?. This 
was approximately the same density where the electron np, 
occurred. In the liquid at n/n, 2 2 the product ny, was 
independent of viscosity n. At lower densities, npy 
attained a maximum at n ~ 6 x 107° kg/sm and then decreased 
as the critical region was approached. The decrease was 
attributed to electrostriction increasing the local 


viscosity around the ion. No isotope effect was observed 


in the ion mobilities. 
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CHAPTER: “I 


INTRODUCTION 


A. General 


High energy radiation causes ionization of the medium 
in which it is absorbed. The result of this process is an 
ion and an energetic electron. The electron generated in 
this process initially has excess kinetic energy which it 
loses through interactions with the molecules of the 
medium. When its energy is high enough (> 10 eV) the 
electron will cause further ionization events. At energies 
below ~ 10 eV the electron will continue to lose energy in 
electronic excitation of the molecules until its kinetic 


energy drops below “the “electronic excitation threshold 


(~4 eV). Below \ths* valve* further Tosses cCalr-occur “by. 
intramolecular vibrational (~ Ov ev), rotational 
(~0.01 eV) and intermolecular vibrational (~ 0.01 eV) 
excitations. 


While the electron is losing its energy it travels a 
distance y “from “its” ‘parent “ion. The magnitude of the 
distance y is usually small enough that, when the electron 
meaches = thermal energy, rt) is’ * still subject to ™ an 


appreciable coulombic attraction to its parent ion. This 
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potential tends to draw the ion and electron back together 
to undergo geminate neutralization.!:2:3 However not all 
the ion pairs undergo geminate neutralization. Some of the 


ions and electrons diffuse away from each other's coulombic 


field. They then diffuse at random in the fluid as’ free 
ions. Eventually they will recombine with other free ions 
(random recombination). These processes can be described 
by 
+ “ ref 
M--~~«>[M +e ] ionization I-l 
cmt +e]omM geminate neutralization I-2 
eet oc. | > M+ eS free ion formation I-3 
Me +e >oM random neutralization I-4 
where M is a molecule and e is an electron. The square 


brackets indicate. the existence of an. electrostatic 
potential that is appreciable compared to thermal energy. 
For an ion and electron to escape their mutual 
coulombic attraction they must overcome the attraction 
energy E2/ey, where £ is the charge on the electron and e 
is the dielectric constant of the medium between the 
ions. The probability, P, that a pair of ions escapes 


geminate recombination is given by the Onsager expression. 


P = exp(-r/y) I-5 
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where r is the distance from an ion at which the coulombic 


potential energy is equal to thermal energy, kT 


or 


vr = §2/ekT I-7 


~ 2) this distance is of the order 


~ 


For a nonpolar liquid (e 
of 3 x 1078 m at room temperature. 

In the presence of an electric field E, the ions and 
electrons will be accelerated by the electric force eE and 
gain energy.> In a fluid the particles will undergo 
collisions and lose energy. A constant average velocity in 
Pvemrecirection of the fleld, the drift velocity, vs, is 
attained. The particles are collected at the electrodes. 


This method has been used to measure the yield of free 


ions. These measurements have led, under more or less 
strict assumptions, to calculations of thermalization 
distances. ©7? 


Ree not too high fields va is directly proportional to 
E. The proportionality constant between the drift velocity 


and the electric field strength is called the mobility up. 
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B. Historical Aspects. 


es Early Works. 


It has been known since the turn of the century that 


normally insulating liquids become conducting when exposed 


to high energy radiation. 10-13 This phenomenon has 
attracted considerable experimental and theoretical 
attention over the years. However the majority of early 


works was concerned with the degree of ionization in the 
presence of relatively high electric fields. Themtiarst 
reported observation of radiation induced conductivity is 
due to Thomson. 1° He found that not only gases but also 
liquids and solids under exposure to Xrays showed an 
increase in conductivity. Townsend!l+12 showed that the 
radiation induced current in air was proportional to the 
applied field strength at low fields, it reached a 
Saturation value at intermediate fields and increased 
sharply at high fields. He suggested that only at the 
Saturation value was the field high enough to collect all 
the ions generated by the radiation and, at even higher 
fields, electrical breakdown was occurring. 

The first Xray induced conductance experiments on 
dielectric liquids were carried out by Pierre Curie in 
1902.13 He performed an extensive investigation of the 
effects of electric field strengths, molecular structure, 


temperature and phase in the radiation induced 
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conductivities in liquids. He is also responsible for the 
first determination of the induced conductivity in a 
cryogenic fluid since he performed measurements in liquid 
air. 

In the 1940's Xray induced conductance was observed by 


Gerritsen! 


in liquid nitrogen and liquid helium. With 
field strengths up to 2 MV/m ionization currents up to 40 
picoamps were obtained. The. current] jwaes.. directly 
proportional to the voltage in liguid nitrogen at 77K but 


in liquid helium between 1 and 4K the curves showed a 


tendency towards saturation. 


2. Electron Mobilities 
a. Gas Phase Experiments. 

Much of the work done until the 1950's dealt with gas 
phase experiments, mainly because of purification problems 
in the liquid phase. 

If a beam of electrons is passed through a gas sample, 
the beam will be attenuated by collisions of the electrons 
with the molecules. If the sample is sufficiently thin, 
that is an electron once scattered from the beam is 
unlikely to undergo a second collision that scatters it 


back into the beam, the intensity of the beam is given by 


I = I. exp .(-nox) I-8 
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where I, is the intensity in vacuum, x the distance that 
the beam travels through the sample and o is the scattering 
cross section of a molecule. 

Ramsauer!4 developed a method to directly measure the 
electron-molecule totad scattering cross section "iby 
measuring the extent of attenuation of the electron beam by 
the gas. He found that the cross sections depended on the 
electron energy. Extension of this work to energies lower 
than 1 eV showed that the cross-sections in the heavy rare 
gases passed through a minimum and then increased 


15 The same effect was found in methane. l© The 


again. 
method was used to measure electron mobilities in other 
molecular systems.1/,18 It was found that in the n-alkane 
series, increasing the carbon chain length increased the 
cross-section. 

Soon it was realized that this technique was limited 
Mieetces’ applications because it could not “be “used to 
determine cross sections at high densities. In addition, 
most of these studies could not be extended to” near thermal 
energies.1l? The implementation of swarm experiments 


Overcame these problems. In this technique one measures 


the flight time of a pulse of charged particles travelling 


a known distance.29,21 From the flyvont time’ the “arrecr 


velocity could be determined. 


Using this method Townsend measured the drift velocity 


and the ratio of the mean kinetic energy of the electron to 


$end ssameysaiix, ent & hela fet yoravesat adie 
sizsittaos ‘sits etn iss slunse ent? fairer 5 ade . 

aires tour £ a 
ajf}- siuasen Yiseotih os Bortomes teqahsveb thy 
wd AoOrcoen Bo ID. Rh £y=23592 [sso7 siiz if 
ma mssd Net joels. ans 2c OP fret te 5 cipste” ote 


Sift no>baliasesab anQisyes Bge075 ould Sarit erro? ies 


v Veban a : ’ 
ne OF Aaa ailty +0, do bahb dies NS 


7 | . 
eon oft nf sao lsuse-2a017 asfd ising ‘ae 


feagssvorr ste Bas.) mumiotm. 5s  iievomne 


af Po wan : , i iy - ; 
= eh ~“ Senses » ral Britic ti Bow 1 si eo) oie hike 
vi a? ‘ ‘ek 


tsjo ai eslerisdow arritaosis sn teed o2 Cereal iow 


jl b\ Ray ae 
> , P 1¢ or ome . a ee 

ansiis—n sf? ab tert 606) sew Zl BLT Jamia a 
7 : 


tee! Ft On 


; o 
sit Geesssonr rridprel LOI, fodtas rani PReeeetoit | 
ave ' 


UG 
all ng 


a 


a 


a 


> 


y 


bevimif sew supiidset pédy sens drone agian 
of Bee 2c fon. bilsos. 27 aa\ied be See 
.SeEYipRs git - - WE beriohy apit 72. a 5) ari. ah 
Lansett xen os ‘espe ad jon Aigo ag ese! Sait 
asheinieare mBeere, io BoddKsnchis ey? sii? RE 
geyuedem SHO adobe ata: ake ansidire <i 


Bnet havens sts ale tage 20 Beieg ‘sé te ak 
FE ets and! ee Bis” mows elas ae 


a 


et ee 
Faery ee | . - ay 


that of the gas molecules in a variety of simple 


compounds. 22726 


He found that the mean free path of the 
electron in Ar was ten times larger than that in nitrogen 
or oxygen at the same pressure in the low field region. At 
higher field the mean free path in Argon decreased by an 
order of magnitude. Such effect was not found in 


25 or helium. 39 


hydrogen The large mean free path ‘in argon 
corresponded to the small scattering cross section of the 
Ramsauer-type experiments. The relative transparency of 
the heavy rare gases to electrons of a certain energy near 
1 eV was confirmed only six years later by direct 
measurements of the scattering cross sections. Lt. wis 
called the Ramsauer-Townsend effect. 

Another method, originally developed to measure ion 
mobilities, is the shutter technique described in 


references 20 and 21. It involves the use of electrical 


shutters both to form the groups of charged particles as 


well as to determine the drift time. Absolute values of 
electron mobilities were determined in hydrogen?’ as well 
as oxygen, air, nitrous oxide and ammonia. 28 Mobilities 


were also determined in nitrogen at 80 kPa, hydrogen at 85 


kPa and carbon monoxide at 96 KPa. 22731 


Wahlin?! found that, over the voltage range 


0.45<E<4.8 kV/m, the mean free path was independent of E. 
This was one of the first determinations in the thermal 


electron region in a gas, that is, when all the energy 
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gained from the field by the electrons is being lost at a 


collision. 


b. Electron Mobilities in Hydrocarbon Vapors. 


From about 1940 the number of swarm experiments in the 
gas phase has increased enormously. 19-32-36 Of particular 
interest to this work are the measurements performed on 
hydrocarbon systems, especially small alkanes. Available 
information about the systems pertinent to this work will 


be reviewed in this section. 


i) Methane 


Methane can be considered as an extension of the 
monoatomic rare gases to spherelike polyatomic molecules. 
It is also the simplest alkane beginning the sequence of 
alkane molecules, which increase in complexity with size: 
enhont27 (n= "1,25". 

English and Hanna?’ measured electron drift velocities 
in the rare gases, in methane and carbon dioxide and in 
mixtures of the rare gases with the molecular gases. 

Davis and Crowe?8 investigated methane as part of the 
39-45 


alkane series. Many more recent works attempted to 


extract the electron molecule momentum transfer cross 


section from measurements of the drift velocity and of the 
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ratio of the diffusion coefficient to the mobility (D/p). 
In spite of the scatter between and within data sets and of 
the high fields used, the general features were the same. 
The measured drift velocity curves possessed a maximum at 


E/n ~ 3 x 10721 m2v/molec and decreased to a minimum at 


4 x 10729 mv /molec. The cross sections calculated by 
Duncan and Walker*? in the range 0.02<e<4 eV showed a 
minimum at 0.25 eV with a value of 1 x 10729 m2, 


All the previous studies were performed in the dilute 
gas regime (P < 500 torr). Measurements have been made in 


46 performed drift 


compressed methane as well. Lehning 
velocity measurements at 6 x 10542 Byes eee x 10721 
m2v/molec. He plotted the ratio of the drift velocity at 
the pressure of the measurement to the drift velocity at 


500 torr and he showed that this ratio increased with E/n 


ip. to. 3) x 10722, decreased between 3 x 10722 ana 3 x 10721 


and was roughly constant at higher fields. The amount of 
increase depended on the _ pressure. The greater the 
pressure, the larger the increase. Above, 3. xX 10721 the 
ratio was independent of pressure. The mobility was 


measured in methane as a function of density at 


temperatures between 196K and 295K.4/ In all cases the 


electron mobility varied as n7! at low densities, reached a 


minimum at about 3.6 x 1027 molec/m? and then increased, 


passing through a maximum at about LOR 1027 molec/m?. The 


mobility was higher for a higher temperature. 
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Gee and Freeman?® 


conducted an extensive study on 
methane'“°in ‘both’ “vapor and « liquid « phases along “the 
coexistence curve. in ’-the- vapor ‘“théy found* that *the 
density normalized mobility, ny, was independent of density 
at ~2 x 102° molec/Vs m up to ~ 7 x 1026 molec/m?. They 
found that np decreased to reach a minimum at about 
3 x 1027 molec/m? and then increased sharply on approaching 
the critical region and in the liquid. At densities higher 
than 7 x 1026 molec/m®° (nyne >"'Oo1 ) they *tound™” that the 
mobility increased at constant density with increasing 
temperature and they calculated activation energies from 
Pots. Of lg 1 vs 1/T. The observed decrease in np with 
increasing density was attributed to quasilocalization of 
the electrons in clusters of molecules which were regarded 
as density fluctuations. An increase in temperature 


decreased the extent of quasilocalization and therefore 


raised the mobility. 


ii) Methane-dy. 


Measurements of the drift velocity have been performed 
in gas phase cp? ace At field strengths up to E/P = 0.5 
Wem torr’ (“7255 & 10721 m2v/molec) the CH, and CDg curves 
were the same. At higher fields the CDg curve was lower 


than that of CHyg. This was explained in terms of inelastic 


losses of the electron to vibrational channels. At low 
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fields the scattering process was elastic. The small 
differences in sizes between CHg and CDyg did not produce a 
detectable difference in drift velocities. At high fields 
inelastic losses were invoked to explain the difference 
because the vibrational quanta in CDQ are jsmallere than) an 
Gi - 

Cottrell and Walker*? also estimated the fractional 
energy loss per collision (A) and the momentum transfer 
cross section (Qn). They found that A’ was much smaller in 
CD4g than in CHg but Qp was found to be the same in the two 


compounds. 


iii) Ethane and Propane. 


Drift velocities in low density ethane and propane 


gases have been measured by Cottrell and co-workers??" 49 


and Christophorou and co-workers. 20/91 Huber >2/93 
determined drift velocities in ethane and in propane from 
low pressures (0.06 MPa) to high pressure (4.5 MPa for 
ethane and 1 MPa for propane). 

The drift velocity curve as a function of E/n for both 
compounds had the same shape. At 298K the propane curve 
fell below that of ethane, for all values of E/n up to 


Diz 


1.2 x 10720 m2v /molec. Gee and Freeman measured the 


electron mobility in gaseous and liquid ethane along the 


coexistence curve. Rh \pliot: of athe density,” “normalized 
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mobility, nu, against the density n in the gas displayed a 
mrenamum at =n ~ 3 x 1027 molec/m? that, as in CHy, was 
attributed to quasilocalization. The value of np increased 


to a maximum in the liquid and then it decreased sharply at 


iv) Other n-Alkanes. 


Christophorou and his collaborators made extensive 
measurements over the past twenty five years of drift 
velocities in the dilute gases. The work prior to 1970 is 
collected in reference 53. 

GySrgy and Freeman>* studied n=pentane along.” che 
entire coexistence curve as well as along isochores. A 
Prot, Of the* mobility vs n. along the ‘coexistence curve 
showed that the mobility varied as n7) for n ¢ 1 x 1026 
molec/m?. A plot of np vs n revealed this as a constant ny 
up to 1 x 102© molec/m3?. At higher densities np decreased, 
reaching a minimum at about 1.7 x 1027 molec/m?. 

Huang and Freeman-” made similar measurements in 
n-hexane. Measurements were made along the coexistence 
curve and along isochores. A plot of np» vs n showed that 
ni was independent of n for n < 4 x 102° molec/m?. At 
higher n the np curve decreased to a minimum at n = 1.3 x 


1027 molec/m? and then increased as the critical region was 


approached. 
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v) Branched Alkanes. 


Christophorou and co-workers have measured the drift 


56 


Wetocity iinlyisobutane!) at room “temperature and in 


56 and as a function of 


neopentane, both at room temperature 
Pemeecratureyrat LOO itorrm “andwasta function! oft presstre lat 
373K.>1 

Beet tian and co-workers have measured electron 
mobilities in neopentane along the coexistence curve and at 
fixed densities as functions of temperature from the dilute 
gas up to the supercritical fluia.24,°9 

Huang made measurements of electron mobilities in 
neopentane in a cell constructed so that the liquid level 
rose up to the center of the electrodes as the critical 
region was approached. >’ As a result, two distinct signals 
were observed, one corresponding to each phase. The 
critical point was reached when the two signals merged into 
a single signal. Huang «found “that: ithe *mobility cate (tthe 
Graticabsepoint was higher thaniithose atjyO.5 <n*< ng, which 
the experimental scatter in Gyorgy's work could not 
confirm. The smooth transition of the mobility curve 
through the critical region showed that the large density 
fluctuations that characterize the critical fluid have 
correlation lengths that are too great to hinder electron 
motion. The prediction?® that such scattering would occur 


was earlier shown to be untrue for electron mobilities in 


erattoal xenon.~” 
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More recently many of the data on hydrocarbons have 


been reanalyzed. ©9 


This work stressed the importance of 
the effect of the shape of the molecules on the electron 
mobility in hydrocarbons. It was known that the shape is 
the dominant molecular property in liquid hydrocarbons (see 
next section) but it appeared to be important in the low 
density gas as well. As will be discussed later on, the 
electron mobility in a liquid composed of spherelike 
molecules is orders of magnitude greater than that in 
liquids composed of rodlike molecules. The opposite is 


true in the dilute gas. It was pointed out that the 


density normalized mobility in low density neopentane gas 


moe TactOr Of 3 lower ‘than that’ in n-pentane. A low 
energy resonance involving a spherical shape was 
suggested. To further elucidate this effect, the electron 


mobility was measured in mixtures of neopentane = and 
n-pentane. © Tt “wasereound that) IRi.a- 850; 0G mI XxcucCes tae 
stronger scatterer dominates in each phase. Neopentane 


dominates in the low density gas and n-pentane dominates in 


the liquid. 


Cc. Liguid Phase Experiments 


Electron mobilities have been measured in liquified 
rare gases since 1951.©2 However, because of purifiction 


problems (electrons are readily scavenged by oxygen, for 
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example, even at concentrations of parts per million), the 
first observation of a signal that could definitely be 
attributed to electrons was not accomplished in liquid 
hydrocarbons until 1968.©3 an initial sharp peak was found 
on the current vs time trace obtained when neohexane or 
neopentane were exposed to a pulse of Xrays. Addition of 
oxygen or SF¢ eliminated the "overshoot" (as the initial 
spike was called) and decreased the free ion yield. 
meenoughn not confirmed until the next year, 4 this 
overshoot was the first recorded observation of a true 
thermal electron signal in a liquid hydrocarbon. This 
finding led to a series of other studies and measurements 


65-71 These studies 


were made in a wide number of systems. 
were limited in the temperature range over which 
measurements could be made because the cells used could 
only withstand gas pressures up to about 0.4 MPa. Despite 
Enis. limitation a great .amount .of data. were collected, 
especially after 1972, 72-89 Higher pressures had been used 
90; 92 


in work with liquified rare gases and later, with 


hydrocarbons. 227? 


Freeman and co-workers developed a glass cell which 
allowed measurements over a continuous density range from 
the normal liquid to the critical fluid and into the dilute 
gas. 48,52,54,55,57,97-100 The electron mobilities first 
reported in molecular liquids immediately indicated the 


great diversity of values which was to be found inwiater 
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work. For liquid hydrocarbons at room temperature for 
example, mobility values have been found to range from 70 x 


1074 m2/Vs for neopentane to as low as 1.3 x 107© for trans 
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decalin. Large differences have been found even between 


geometrical isomers. For example, the values of 1.5 x 1074 


m2/Vs and 3 x 1076 m2/Vs found in cis- and trans-butene-2 


9 


respectively. ? Raener than “berng™ “related™ «tor any 


percicusar- /buik’ property of ‘the “liquids studied, the 
electron mobility has been found to reflect more or less 
the shape of the constituent molecules. ©l,63,72,98,103 ag 
measurements were extended into the critical region, it was 
found that all the mobility curves increased as_ the 
temperature was raised above the boiling point of the 


compound. Mobility maxima were found in methane, 78: 93,94 


532,95) 99 cyclopentane, neopentane and 


ethane, cis-butene, 


neohexane, 28 cyclohexane”? and 2,3-dimethylbutane, ~:37.3— 
dimethylpentane, 2,2,4-trimethylpentane and 22, 4,4 
tetramethylpentane. 19° The size of the maximum decreased 
drastically as the molecular shape was changed from the 
spherelike methane to rodlike ethane. It was also found 
that the existence and the density where the maximum occurs 
in methane were independent of temperature.*/ Cipollini?’ 
made measurements in dense methane gas and found that the 


existence and density of the maximum were also independent 


of phase since the density of the maximum agreed with that 


found in the qi aqatarsse7en?* 
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3) Ion Mobilities 
a. Gas Phase 


ie tirst’-extensive work “on® ion”*’mobilities**in Gas 


1.21 He reviewed the work done to 


phase is due to Tyndal 
date (1938) and concluded that the ions were in two 
states. They could be moving through the gas unattached to 
Other’ molecules, or they could be in clusters of varying 
sizes. The measured mobility depended upon the ratio of 
unattached to attached ions. He applied Langevin's 
mobility equation (see section C) to calculate the cluster 
sizes. In the subsequent years all work in ion transport 
involved studies of inorganic systems. Ion work up to 1973 
is summarized in reference 104. 

Wada and Freeman!95 observed droplet nucleation in 
isobutene by observing that under certain conditions the 
ion mobility plunged by one or two orders of magnitude. 
Mie" decrease in “mobility was “attributed to» = droplet 
formation around the positive ion. They found that the 
critical temperature for droplet formation was lower than 
the normal liquid/vapor critical temperature. 

Huang and Freemanl9® measured cation mobilities in 
gaseous, critical and liquid cyclopentane, cyclohexane and 


n-hexane. Gee and Freemanl9’ measured cation mobilities in 
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C,-Cq4 hydrocarbon gases at densities up to the critical. 
They found that the temperature coefficient of cation 
mobility, dy/dT, at constant gas density yp, was positive 
and increased with increasing density n. This was 
attributed to the clustering of molecules about the ion. 
In a subsequent work1l08 the same authors compared the 
transition from low to high density behavior for ions and 


neutral molecules in Ar, Xe, No and CHy- 


Di Liguid Phase 


One of the first extensive investigations of ion 
mobilities in liquid hydrocarbons was performed _ by 


109,110 He measured ion mobilities in the 


Adamczewski. 
Seriesiinh-pentane| to n-decane .to investigate the effect of 
the carbon chain length. Other molecular properties such 
as boiling point, density and viscosity are correlated to 
the carbon number. Adamczewski found that the product of 
Pnemviscosity, .n, and the mobility in. the. alkane vseries 
varied as cece By Stokes' law this product should have 
been constant if the ions were of the same size. Huang and 
Freeman!!! found that nu was constant in benzene but not in 
toluene. They also found!° that the viscosity normalized 
cation mobilities in liquid cyclopentane, cyclohexane and 


n-hexane were not constant. They suggested that ion 


migration in liquids made up of non spherelike molecules is 
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more closely linked to solvent molecular rotation than to 
shear viscosity. Gee and Freemant!2 measured cation 
mobilities in liquid C,-C4 hydrocarbons. They found a 
maximum in a plot of np» against nl and concluded that 
Stokes' law is only a rough approximation when the 


molecular radius is assumed to be independent of density. 


C. Theory and Models 


3 Gas Phase. 


a. Electron Mobilities 

J.L. Pack and A.V. Phelps used simple models to 
extract electron-molecule scattering cross-sections from 
transport data.!13 one method used obtained cross-sections 
by the variation of the low field mobility as a function of 
temperature. A more recent method used the variation of 
mobility and the variation of the ratio of the diffusion 
Gocfficient tosthe mobility, D/y, as’ a)function ofjelectnic 
field strength. Both led to solutions of Maxwell equation 
of transport, given in reference 114. The "mobility “of 


electrons in the low density gas was expressed as: 
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where e and m are the charge and mass of the electron, 


respectively, n is the number of molecules/m?, is the 


) 
scattering cross section of the molecules for electrons of 
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velocity v, 19S len is the spherically symmetric term in 


the series expansion of the electron velocity distribution 


function. At low fields the distribution is Maxwellian: 


EV 
) 


7” We one 
Evan ) exp (ayn 


oO 2nkT 


where k is Boltzmann's constant. 
The temperature variation of the mobility could be 
used to obtain o, vs v curves. This method and an equival- 


ent formulation by Viehland and Mason for ions!16,117 have 


been widely used. 40/48, 51,52,54,55,57,97,106,118 


im. Lon Mobilities 


119 assumed the molecules to be elastic, 


Langevin 
polarizable spheres in the field of the ions. The mutual 


Berraction force, f, ‘is: 


where m is an average effective moment induced on the 
molecule by the ion, e is the electronic charge and r the 


distance between the ion and the molecule. The effective 


moment is given by 
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where y is the total effective molecular polarizability and 


is given by: 


where n is the density of molecules and e« is the dielectric 


constant. The force of attraction is therefore 
2 
if = Wes iien T-14 
5 
2mnr 


Assuming that the random velocities of the ions 


followed a Maxwellian distribution, Langevin obtained 


NS ALT e-l 


where » is the mobility, m the mass of the molecule, M the 
mass of the ion and A a function of a quantity A which is a 
measure of the relative importance of the size of the 


particles and the polarization forces in determining the 


path of the ion and is given by 
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where o is the sum of the radii of the molecule and ion; 


and P is the pressure. The final result is 


._ (A)e (itm/M 1/2 
H we 8nPn 


This formula was used by. Tyndall in his study of ion 


sizes.1 


As mentioned earlier, Viehland and Masonit6,117 


developed a model similar to that proposed for electrons to 


calculate ion mobilities. Their equation is 
u = se a (2KT) 5/2 | J v?o,exp(-M_v*/2kT) av I-18 
rE 


M 

= fe) 
mere Myeiswithes reduced«massriof thei iion=molecule)ipaisr: 
This equation has been used to calculate ion mobilities in 


a variety of systems, 106-108 


2. Liguid Phase 


In general the properties of electrons in the pseudo- 
spherical molecular liquids resemble very closely those of 
electrons in the liquid and solid rare gases and in the 
Crystalline semiconductors silicon and germanium, 120-124 
In these materials electrons are considered to be in a 


completely extended, quasi-free state. On the other hand, 


in liquids composed of rodlike molecules electrons are 


wei Bre siunsion sms td Abi edt. 70 (Mine 
at hiigad anid eth o7 wa Reey 


Ti-I "a a) ani i ba ty Ae 
v 


AS? 326 VYEude. atd . Lisiavt wh hae saws 
mC: 


VilyGtiveeew Bing *qeldosV Prec thade 


a ya 


ha 


o3 andicocals 10% Ses6qas4 tena od tof dnt tsbom 3 2 
— 


at AGissu be slot _ apeiat hit de 


' 
' C= De Bus F . ce 
c Pd - Lay 2 P 7 
f° Ty re . \ “a6 Ase 1 oy sw | ' - 
Bi-+I FEV TAL VM \ ame, ae ae a . 
“7 a a ae Cs 


_ i . 


rm! . 
: ~~ : - 
.1b6q:slusslom=-ner oft) 26 eae ol 4 
A@ 
i esxceilidsay agi sietustas: 7 a teed be 
“teh eapeala — 
4 Feral A 
: 7 Tp oom id 
1m od a. 


“Gveng ‘si? at endgsnsts 28, Belareqoag ane: 
8 waste yleaoly ytev RR Napier: 
ott mk bat seane ous. oboe (rns Biupiat: aah 


PIMOS! supped BHE. noo itie srcitgubiestiem 
6 al ed 0% dexWWietico ois) sidztoole alelaem exes 


MbneH Yetto st WO oYpda s07)-1eKup shea aodntoms 
‘one enotsseis ee suseton sxkloos to ‘Beeegmy ” 


: 
wk, 


cle! 7 ‘ 


= 
wid 


7 


-_ . =) 


thought to be localized in regions of lower potential 
energy in the medium due to preferrential orientation of 
the molecules. Tne; genera lyincim wal ec liquiddsexhibiting a 
Mobility > 1072 m*/Vs electrons are thought. toiber quacs 
free. In this section the two states will be distinguished 


Beeording to this criterion. 


a. Quasifree Electrons 


Cohen and Lekner!29,.126 developed a model to calculate 
drift velocities in liquid argon. At low fields electrons 
were assumed to have a Maxwellian distribution of 
velocities and that they could be treated as "scattered 
plane waves whose total scattering amplitude at a point in 
the system is the coherent sum of amplitudes scattered 
Singly from individual scattering centers".128 The 
Beeessary condition for the validity “of the single 
scatterer approximation and the sufficient condition for 
the validity of the Boltzmann equation was that the mean 
free path i between scattering events be large compared 
with the De Broglie wavelength of the electron. The 


solution of the Boltzmann equation led, for low fields, to 


the expression 


Nate 2 gly = 
L = (9) (ea r I-19 
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Cohen and Lekner regarded the atoms or molecules of the 
liquids as scattering centers. This resulted in the 


following equation for } in monoatomic liquids: 

= [4na-ns(o)] —- I-20 
etees a is the scattering length and S(O) the long 
wavelength (low momentum) limit of the structure factor of 
the liquid; 


S(O) = nkTyp I-21 


with yp being the isothermal compressibility. The mobility 


was then given by: 


4na nS(0O) 


This equation is equivalent to the expression Bardeen and 
Shockley developed to calculate electron mobilities in non 
polar crystals.1}29-131 Calculated values agreed well with 
the data of reference 127. 

Schnyders and co-workers ?° had extended the 
measurements in liquid argon and krypton to densities 
considerably lower than the normal liquid. They found that 
the mobility decreased with decreasing density, went 


through a minimum and then increased. Lekner observed that 
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the value of the scattering length was negative in gaseous 
argon, as found by Ramsauer and Kollath!° ana positive in 
the liquid as calculated by him.t25 He proposed that the 
scattering length goes through zero at an intermediate 


density and at that density the mobility goes through a 


32 


maximum. This maximum was found in liquid argon near 


91. 


fae critical region. Equation I-22 would predict an 


infinite mobility for a = O but density fluctuations keep 
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pea finite’ value. The Cohen-Lekner model has been used 


for a long time to calculate the mobility of gquasi-free 


erectrons in hydrocarbons .}33-135 


Recently the energy level of the electron, V was 


136 


Oo! 
determined by photoemission experiments in neopentane. 
It was found that at approximately the density of maximum 
mobility the energy of the electron in the liquid with 
respect to vacuum passed through a minimum. It was 
suggested that, in that density region, the mobility was 
being controlled by fluctuations in the ground state energy 
level of the electron resulting from fluctuations in the 
density of the medium. The impedance to electron motion 
due to such fluctuations would then pass through a minimum 
for aV./dn = 0. The same conclusions have been drawn from 
measurements of dV,/dn in xenon, krypton, methane and 
propane. 137 Equations explicitly containing the energy 


. Sse 
level fluctuation parameter have been deriveda.}3 3 
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b. Localized Electrons 


In most liquid hydrocarbons electron mobilities were 


found to be orders of magnitude larger than those of the 


ions. However they were orders of magnitude smaller than 
those found in the liquified rare gases, except in 
methane. Although’. this” is’ not -of* direct interest to the 


present work, brief mention will be made of those models 
developed to describe the behavior of electrons in these 
liquids. 

After a series of experiments conducted by Minday, 
Schmidt and Davis, ©9771 it became apparent that the 
electron had to exist ‘in two states, one corresponding to 
the quasi free electron and one to a slower mobility 
state. The identity of the slow mobility state was not 
clear until they measured the temperature dependence of the 
electron © mobility in sav mLxture ‘Or “neopentane = sand 
n-hexane. They *tound =that- “the =temperature: = coer fic ene 
depended on the mole fraction of n-hexane and concluded 
that the electron was trapped by a multimolecular process 
rather than being localized as on a single molecule as a 
negative ion. Later this was further shown to be true by 
the detection of an optical absorption signal from 


song be 140-145 
electrons solvated in liquid hydrocarbons. 


Several models have been developed. Schiller 


developed a two state model in which the localized state of 
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the electron was a bubble.!38,146,147 Freeman developed a 


model from observations of electron mobility and optical 


absorption energies in ethers /?/148 


54,55,81,98-100 


and »hef appl] leds rt. sto 
liquid hydrocarbons. Freeman made no 
assumptions on the nature of the localized state and 


derived an equation relating the mobility), =to) ithe 


temperature by an activation energy. 
c. Ions 


The liquid phase ion mobility is correlated to the 
viscosity ne 134 78,59,98,109-112 According to: Stokes" law 
the product nu is a constant if the effective radius of a 


re eS 


sphere moving through a fluid is a constan In general 


has. 1s. valid in the. normal liquid but» it:hfails{ tas ;the 
density decreases. 109-112 
The: first. attempt to connect the idealsgas))|vand i ideal 


liquid limits of ion transport involved a) modification of 


Stokes' law to; 199 


nh = (e==)f1 + ba(r)] I-23 


where the 6x refers to stick conditions, b is a constant, 
and X is the mean free path between collisions. In normal 
liquids, X << r, so Stokes' law is recovered. As the 


density decreases A will increase and eventually will 
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become similar. in magnitude to r. At a given density nu 
should increase. ieeeeACts this is “not. “true. It was 
shown!98 that in some simple liquids nNp,at first decreases 
with decreasing n and density and only gives the expected 


increase in the gas at n/N rd fal 6 eur kn 


D. Present Study 


The purpose of this work was to further investigate 
the effect of molecular structure on the electron and ion 
mobilities in nonpolar fluids. The electron mobilities in 
liguid methane, a spherelike molecule, and ethane, a 
rodlike compound, each at their normal boiling points, are 
different by three orders of magnitude. This enormous 
difference is mainly® attributable ‘toy the**different 
molecular shapes. There was an enormous gap to be explored 
between methane and ethane. This was done by only slightly 
Perturbing the symmetry: ‘of/ the “methane molecule™“by 
progressive deuterium substitution. 

The electron and ion mobilities were measured in the 
Fluids CH,, CH3D, CH D9, CHD3 and CD4g- Measurements were 
performed at a fixed density and temperature as functions 
of the applied field strength over a wide density range, 
from the low density gas, through the critical region, to 
the dense liquid. Measurements were also performed at a 


fixed density as functions of temperature. 
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E. Condensed Phase Isotope Effects 
sage Theory 


The most thoroughly studied of all condensed phase 
isotope effects is the Vapor Pressure Isotope Effect 
(VPIE). The first quantitative treatment of this effect 


151 and Lindemann.1°2-153 


was given independently by Stern 
They considered the equilibrium between a Debye solid and 
an ideal gas composed of  monoatomic molecules’ and 
introduced the following assumptions: a) harmonic 
Oscillations in the solid lattice; b) isotope independent 
potential energy; c) existence of a vibrational zero point 


energy. Under these assumptions they obtained the 


following expression: 
Pe 3 9,2 
— = —_—_— — T6166 I-24 
in (F5)e? 5 


where P' and P are the vapor pressures Of a light and heavy 
isotope respectively, 6 is the Debye temperature, Tv) ke toe 
the heavy isotope and 6 = [(M/M')-1]. 

According to equation I-24 the difference in vapor 
pressure of isotopes is a purely quantum mechanical 
phenomenon. The vapor pressure ratio approaches’ the 


; -2 
Classical limit at high temperature, as T “. 
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Roth and Bigeleisenl°4,/155 confirmed the T7? law 
through their investigation of the vapor pressures of the 
neon isotopes and showed that the systematic investigation 
of the VPIE in simple substances could give new information 
about the lattice energy, the anharmonic vibrations in 
crystals, the melting process and the mean square force 
between molecules in the liquid state which is related to 
the intermolecular potential and the radial distribution 
fLunction. Investigations of the vapor pressures of 


argon!°6 and krypton??? 


Pent 1158 1159 


isotopes have proved this 


A more general form of equation I-24 was obtained by 
Herzfeld and Teller.1!©9 They developed the partition 
function of the liquid in terms of the classical partition 


function by the use of the Wigner quantum correction to the 


Boltzmann distribution:!©! 
A? 1 9arV 
Z= Z 2 - ——— < a= a ad I-25 
el 24(kT)? 


Tom. tO x. 
z 7 


where Z is the partition function, Z,, is the classical 
partition function and the expression in parentheses 
represents the mean value of the interaction potential in 
the condensed phase. The average is taken over the 
Classical probability distribution in configuration 
Space. This formula, applied to the harmonic oscillator, 


yields; 160 
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The correction always diminishes the: ) partition 
function and its absolute value increases with the mean 
square value of the forces and diminishing mass of the 
particle. Thus the correction will be greater for the 
liquid phase than for the gas phase because of the stronger 
forces and the difference between gas and liquid is greater 
for the lighter isotopes. Equation I-25 therefore predicts 
that the lighter isotope will always have the higher vapor 
pressure. This qualitative prediction has failed in 
several systems which show a cross over phenomenon and 
among them is the system of the deuterated methanes. At 
low temperature, in this system, the vapor pressure of a 
lighter isotope is higher than that of a heavier one; at 
higher temperatures the vapor pressure curves cross giving 


a higher vapor pressure to the heavier compound (Table I-1 


ana. ref. 162). 


The problem was reinvestigated by Bigeleisen!®3 who 


gave a demonstration of the important connection between 
the VPIE and studies of molecular structure in terms of 
reduced partition function ratios.!©4 This method will be 
described in some detail because it represents the basis 


for most of the modern VPIE studies. 
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Consider the equilibrium between the condensed and 
vapor phases. In the gas the freely rotating and 
translating molecule may be considered as a set of 3n-6, 
n>3, coupled oscillators (n is the number of atoms, if the 
molecules are linear there are 3n-5, n>2, oscillators, if 
they are monoatomic there are no oscillators and rotation 
is not defined). Upon condensation intermolecular forces 
in the condensed phase will perturb the energy levels of 
the oscillators. A given energy level may be either raised 
or lowered with respect to its gas phase value depending on 
the specific nature of the intermolecular potential; in 
methane, because of the dispersion interaction, stretching 
motions are shifted to a lower frequency. 165,166,167 In 
addition, the six (five for linear, three for monoatomic 
molecules) external motions of the molecule become hindered 
as the molecules condense. These modes are necessarily 
shifted to higher frequencies than the gas phase values. 
For both internal and external modes the reduced masses are 
such that the light molecule undergoes the larger shift. 
Since the intramolecular motions can shift either to higher 
or lower frequencies the net isotopic effect can be either 
positive or negative leading therefore to positive (normal) 
or negative (inverse) VPIE. 

These ideas have been quantified by Bigeleisen!©2,163 


who derived an expression for the VPIE. Following his 


treatment, 162 the Gibbs free energy in the condensed phase, 


fai 2s given by: 
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G, = -kT In Q + PV 1-27 


weere © is the “partition functione;sfor a “system of “N 
molecules. An average partition function 6 can be defined 


as: 
Oo = gl/N t38 
and therefore Ga can be written as 


Ce eR in O + PV 1=29 


The equation of state for the gas can be expressed in terms 


Sf %a Virial expansion: 
BV = RDB epee Cop oet meme I-30 


and therefore the Gibbs free energy for the vapor, G,, has 
the form 
: i 2 
5 
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where M is the molecular weight, Qj;,4 represents the 


product of rotational and vibrational partition functions 
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and Kom is the Sackur-Tetrode constant. At equilibrium 
eae, and therefore 
Meee * Py pS Uf. py 
InP = In————— _ + — + — Int - (Kon tBP FSR RR) is32 
Q Rr 2 A 


For a pair of isotopic molecules the vapor pressure (P and 


P') ratio at the temperature T is 


ay omnes A re 
In — = In a a3, 00e + (RT) (P'v'-Pv) 
Pp Ox _M On 
ae Teac 
1 De. a 2 
_ (BOP ch 5 CEP )' + (BOP tas CoP ) 


The prime refers to the lighter isotope and V and V' are 
the condensed phase molar volumes. At“ "*thivs point, the 


author introduces the reduced partition function ratio 


defined as; 163 
Ss Awe) n m Q Q 
Spe (AFP 2 yn gy 34 
s' oe. oO. 7=!] m; Oe (Os 


(the product runs over the n atoms in the molecule, m; is 
the mass of the ith atom, qm and c% denote the quantum 
mechanical and classical partition functions). Comparing 


the two isotopic systems at the same molal volume equation 


I-33 becomes 
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P' s s 1 
In — = (In — E . - ln — £_) + (RT) “(P'v'-pPvV) + 
P s' s' J 
‘ 1-34 
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For most calculations equation I-34 can be simplified if ln 


fey is small, i.e., In P'/P ~ (P'-P)/P. In this case Bee 
t 


pmeo, Vv = V and, neglecting (rt)71 f P'dav and terms of 
V 
order GaP, equation I-34 becomes 
fo p' V 
In — = In — [1 + P (Bo - —)] I-35 
oe | 2 RE 


By using a treatment developed by Stern, Van Hook and 
Wolfsberg1©8, 169 the VPIE could be calculated. Input data 
such as force fields obtained from spectroscopic data are 
needed and the calculation is performed in the harmonic 
approximation. In the gas phase the partition functions 
for translation and rotation are evaluated in the classical 


approximation and no vibrational rotational interaction is 


assumed. 
an = Oy ibr qn Qvipr cl n 
L] Gg ' i 
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mere 0. +4, qm is the quantum mechanical vibrational 


partition function 


Q Tt —_—————— S77, 


vibr qm ms 


3n-6 1 
QO vipr cl ae ey I-38 
i=l is 
i 
and u; = hev,; /kT; v; is the ith normal mode harmonic 
frequency. 


In order to evaluate f£, the authors chose a simplified 
cell model which assumed an average condensed phase 
molecule with 3n degrees of freedom. The 3n-6 vibrational 
modes were treated in a fashion similar to that used in the 
gas phase and the remaining six external degrees of freedom 
corresponding to gas phase translations and rotations were 


assumed to be harmonic. Then equations I-39 and I-40 apply 
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therefore, in order to calculate VPIE, one needs a complete 
set of all frequencies in both gas and liquid phase. When 
enere) is not. enough ‘input information to define ‘the 
complete problem, it is advantageous to have available an 
approximate relation. The most common approximation 
applied to VPIE makes use of the fact that very often the 
3n molecular frequencies happen to fall neatly into two 
mueups; the first greup contains ‘the “shigh frequencies 
U; = hev;/kT >> i} the second contains the low 
frequencies. The first group may be treated in the low 
temperature (zero point energy) approximation because the 
excitation factors of these frequencies all approach one, 
the second is treated in the high temperature 
approximation. Another assumption is often made that the 


low-frequency group contains the external gas phase 
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frequencies (assigned Zero value) together with 
corresponding condensed phase values, while the high 
frequency group contains only internal modes. 


With these assumptions equation I-40 becomes 
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The A term is always positive and predicts a normal 
VPIE. The B term is the contribution due to the change in 
zero-point energies of the large internal frequencies on 
condensation. An increase in force constants of the 
internal degrees of freedom on condensation will lead in 
the direction of a normal isotope effect, while a decrease 


Will tend to an inverse isotope effect. The A and B terms 
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display different temperature dependencies. At low enough 
temperatures the A/T2 term must predominate and the isotope 
effect will be normal and fall off proportional to T72. at 
gntermediate temperatures the B term, which may be 
positive, negative or zero can dominate and accounts for a 


cross over to an inverse isotope effect. 


2. Applications. The Isotopic Methanes. 


Bigeleisen, Craag and Jeevanandam! /0 


used a single 
isotope independent force field to rationalize their own 
and other!62 vapor pressure data. In this calculation the 
point of primary interest was the rotational 
contribution. They fitted experimental vapor pressure data 
to equation I-42 and their results are summarized in Table 
I-1, The contributions of the internal modes is found 
primarily in the B term. The lattice contribution (A term) 
is from both translational and rotational motions. Data 
from a single isotopic pair, such as CH4/CH3D, only fixes 
the total lattice contribution, which in turn could be 
consistent with a large number of ratios of rotational to 
translational contributions. The effects may be sorted out 
by considering the behavior of molecules of the same total 
mass but different moments of inertia. In? Table =i-2s7are 
summarized results for isotopic molecules having the same 
Mass; according to the authors a comparison between the 


€xperimental A's and the same factors calculated assuming 
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Table I-1* 


Coefficients for equation I-42 


a 


Species a? pb Teoy ke 
CH, 9446 0.95+0.06 
Ler, 231+10 1.440.1 
CH3D 29244 2.99+0.03 97.6 
CH3T 503+7 4.8340.07 Loss 
CHD 53645 5.85+0.05 91.5 
CHD 749 +6 8.69+0.06 79.3 
CD4 89547 11.10+0.06 73.6 


From reference 170. 

a. All isotopic species referred to 12cu,. 

b. Liquid phase. 

c. Cross over temperatures; temperature at which the sign of 


the isotope effect changes. 
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Table I-2* 
Relative A values for the isotopic methanes of 


equal total mass. 


Species Calculated for Experimental 


free rotor? 


cH3D/13cu, 0.83 ae 
CHop2/**CH, 0.90 eae 
uae) > CH, 0.74 resi 


me rrom reference 170. 


@eeRefer to Table II-1 for moments of inertia. 
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@eeeerOtation from the moments of inertia (see Table TII-1), 
unequivocally shows that rotation must contribute in the 
liquid and therefore must be hindered. This point has not 
found definite experimental DYrOOL  veu because the 


experiments have been rather contradictory!©6,1/1,172,186 


or inconclusive.1/3-176 It has been claimed that the Raman 
spectrum! ©® proves free rotation whereas the infrared 
spectral /1,176 demonstrate hindered rotation. Other works 


dealing with scattering of long wavelength neutrons!/73-176 


have not solved the problem but the most recent ones tend 
Foy indicate a hindrance in rotation in both liquid and 
solid (plastic) phases. A theoretical calculation of the 


Ley 


Spectral line shapes in the liquid phase shows that 


rotation is hindered and this result has been confirmed by 
a more recent Molecular Dynamics calculation. }88 

It is probably instructive, at this point, to compare 
the methane system with another which has been proven to be 
Meoniy hindered in rotation in the liquid, phase. The 
isotopic ethylenes belong to the same general class as 
methane: non polar, non associated liquids. The VPIE 
measurements in ethylene have been analyzed in 


detai1, 189,190 The experimental data were found to follow 


the approximate form of eq. I-42 and vapor pressure 
differences between cis-, trans- and gem-C5HoDo in 


Particular were shown to be principally due to hindered 
rotation in the liquid (these molecules have the same mass 


but the moments of inertia are different). In acoLtion; 
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superimposed on this effect, there is a zero point energy 
effect due to coupling of the hindered rotation with 
certain internal vibrations. In a more refined analysis!?9 
anharmonic effects were also taken into consideration. The 
data were corrected for molar volume, nonclassical rotation 
and gas imperfection and values of the reduced partition 
functions which were directly comparable with the theory 
were derived. The set of derived equations are in good 
agreement with the experimental data and such agreement 
extends to details of rather subtle rotational effects 
showing consistency with spectroscopic studies within the 
experimental precision of the latter. 


Another example is given by the NNO isotopic 


isomers. The results are old ones by Bigeleisen and 
Ribnikar.191 The vapor pressure difference between the 
isomers 15y14yl® (mM = 45) ana 14nl5nl®©o (mM = 45) is as 


large as that between l4nl5nl® (m = 45) ana 14yl4yl6q (Mm = 
mye in the first pair the mass ratio is unity, but there 
isan isotope effect on the moments of inertia; in the 
Second there is an isotope effect on mass but the moments 
Of inertia are equal within 7 parts in 10°. It was 
concluded that a sizable barrier to rotation exists in this 
condensed phase. This prediction was confirmed by infrared 
Measurements 11 years later. 

From this information it can be concluded that there 


Probably is a rotational barrier in liquid methane. 
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CHAPTER II 


EXPERIMENTAL 


A. Materials 


Methane (99.99%) was supplied by Matheson of Canada 
Limited. Methane-d, (99%) was obtained from Stohler 
Isotope Chemicals, Inc. Methane d,, do, d3 and dy, all 
with a minimum chemical purity of 99%, were supplied by 
Merck, Sharp and Dohme of Canada Limited. All of these 
gases were further purified with either Molecular Sieves or 
successive treatments with silica gel and sodium potassium 
alloy and, in both cases, a final treatment with potassium 
mirrors. The procedure is more extensively described 
below. 

Davison 3A Molecular Sieves M564 were supplied by 
Fisher Scientific Company; potassium metal was obtained 
from American Chemicals Limited and from Matheson, Coleman 
and Bell; sodium metal from Fisher Scientific Company. 
Silica gel S157 28-200 mesh was supplied by Fisher 
Scientific Company, passed through a 80 mesh sieve and 


Caught on a 120 mesh sieve to obtain a ~ 100 mesh fraction. 
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B. Apparatus and Procedure 


1. The Vacuum System 


A typical layout of the main manifold is shown in 
Figure II-l. A vacuum of < 107-4 Pa was achieved using a 
Welch duo-seal vacuum pump in series with a mercury 
[eetusion pump and cold traps. at liquid nitrogen 
temperature. The pressure was measured with a Controller 
series 260 coupled with an ionization gauge supplied by 
Granville-Phillips. 

All the stopcocks on the upstream side of the mercury 
pump were grease free metal-teflon valves supplied by Hoke 
Inc. (model 4251N6yY ) or by Nupro Company (model 
5S-513WTSW). 

Two auxiliary manifolds were attached to the main 
vacuum line. Traps containing the Molecular Sieves, the 
sodium potassium alloy and silica gel, 2% bulbs whose 
internal surface had been covered with potassium mirror and 
traps used in degassing the samples were attached to the 
auxiliary lines. The measuring pipette, two mercury 
Manometers and the conductivity cells were also attached to 
the auxiliary lines. 

A typical configuration showing the portion of line 


used to fill the cells is shown in Figure II-2. 
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2. Sample Purification 


The gas cylinders were connected directly to the 
vacuum line through flexible stainless steel tubing welded 
to a Kovar seal. Two procedures were followed: 1. CHy, 
PA5DieandirCH5D5; after -the »Jine.- had. .been, thoroughly 
evacuated, the gases were flowed through Molecular Sieves 
which had been activated at 530K under vacuum, flushed 
twice before use and held at isopentane slush temperature 
(~110K); the gases were introduced keeping a _ constant 
pressure of ~100 torr measured with a mercury manometer 
(consisting of a 3 mm capillary tube imbedded in a pool of 
mercury whose surface was exposed to atmosphere) and 
collected in a trap at liquid nitrogen temperature. 

About 10 cm? of liquid sample were collected every 
time, degassed twice by pumping on the liquid for about 
half a minute and transferred to a 2 &£ bulb whose internal 
surface had been covered with freshly generated potassium 
mirror. 2. CHD3 and CDyg; the vapor was passed through a 
30 x 1.5 cm silica gel column that had been activated at 
500K under vacuum and flushed twice with the gas in 
question; the column was held at dry ice temperature 
(~200K). The gas was then bubbled through liquid sodium- 
Potassium alloy at room temperature. The samples were 
Collected in a trap at liquid nitrogen temperature, 
degassed as above and transferred to 2% bulbs containing 


freshly generated potassium mirrors. 
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= was tound that for CHa, CH3D and CHyD5 no further 
treatment was required and the samples were used after they 
had been kept on the mirrors for at least ten days. 

The CHD3 and CD4g required a longer period (one month) 
and more fresh mirrors (at least four). The criterion used 
to determine the purity of the deuterated samples was a 
comparison of the electron lifetime at low fields with that 


in CHy: 


3. Conductance Cells 


Two types of cells were used, one for low pressure 
(<4 atm) gas measurements and one for high pressure and 
liquid measurements. 

The low pressure cell is shown in Figure II-3 and the 
high pressure cell for liquid measurements in Figure 
II-4. Cells for high pressure gas phase measurements were 
Similar to that in Figure II-4 except that the side arms 
pointed up instead of down (Figure II-5). A third type of 
high pressure cell was used where the electrodes were 
Placed at the center therefore allowing measurements in 
both liquid and gas phases at the same time. This cell was 
used for measurements in the vicinity of the critical point 
in order to monitor the disappearance of the liquid phase. 

The separation between the electrodes was measured 


directly with precision calipers to +0.001 cm. The cell 
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Figure II-3 Low 


Pressure Gas Cell 
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constant was determined by a capacitance measurement. The 
cell was connected to an Electro Scientific Industries 
Capacitance Bridge model 173 as shown in the schematic of 
Figure I1-6; an equilibrium condition was obtained. The 
cell was replaced by a General Radio Company Precision 
Capacitor type 1422 and the same null in the bridge 
obtained. This procedure was followed, rather than reading 
directly from the instrument, in order to increase the 
resolution. 

The ratio between the cell constant and the separation 
between the electrodes gave the effective area of the 


collecting electrode. 


Pmeeulling the Cell 


the: pecells= wene Pheatea to 50K above the highest 
temperature that was to be used in the experiment or to 
500K whichever was higher. During heating the cell was 
Pumped on until a pressure of 107° Pa was achieved. The 
cell was left in this state for at least two consecutive 
nights and cooled slowly before filling. 

The outer surface of the cell was coated with Aqua Dag 
(G.C. Electronics T.V. tube coat) which was grounded to the 
Copper braid that shielded the leads connected to both 


electrodes. 
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Figure II-6. Apparatus for measuring the cell capacitance. 


| 

| Sanath Sade 
| SOA3208 

: 


pA, 7 \ a a. ; 
-wonediasyes bles seria eiawason ot nu Foret 


For densities < 1 x 1026 molec/m? the following 
procedure was then used. The whole line was flushed with a 
portion (~10 torr) of purified gas from one of the storage 
bulbs and evacuated; the cell was surrounded with an 
isopentane slush at 110K and the desired amount of gas 
giving the pressure needed was introduced. The pressure 
was measured with a mercury manometer connected to the same 
portion of line as snow in Figure II-2. After closing the 
valve connecting the cell to the rack, the isopentane slush 
was removed, the lower tip of the cell cooled at liquid 
nitrogen temperature and the cell was sealed off with a 
morch : * The density was calculated from the measured 
values of the pressure, temperature and the volume of the 
cell plus the volume of the valve and connecting tubing 
which had been previously measured. 

For higher densities, after flushing, the necessary 
amount of sample was taken from one of the reservoirs and 
transferred to a 10 ml measuring pipette cooled at liquid 
nitrogen temperature. The amount to give the needed 
density was then transferred to the cell which was then 


peared off with a’ torch. 


ee e e 
*For some of the lower densities the cell was filled at room 
temperature. 
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Se temperature Control 


A box made of polystyrene foam was used to achieve low 
temperatures. A stream of cold nitrogen from a 502 Dewar 
of liquid nitrogen was introduced through a port at the 
bottom of the box. The stream passed through channels up 
the walls of the box and entered the cell compartment 
through narrow slits opening near the top. The gas exited 
through a tube which extended from 1 cm above the floor of 
the chamber up through the lid. The) "Rabe sof. ELOw eof 
nitrogen was controlled by varying the current passing 
through a 1 kW resistor immersed in the liquid nitrogen. 
Mhiis resistor was connected to” an LFE Corp. model 226-A21 
temperature controller. 

A second set up was used in the latter part of the 
work in order to reduce temperature differences inside the 
chamber. it is fiilustrated in Figure II-/. It consisted 
of a large silvered Dewar and a polystyrene lid. The cell 
was fitted to the lid and lowered into the Dewar so that it 
hung freely with a space of about 10 cm beneath it. In the 
bottom 2 cm of the space the temperature changed 
appreciably with position because of gas turbulence. A 
Stream of nitrogen gas entered the lid, was deflected by a 
Circular buffer in order not to directly hit the cell, and 
exited through the sides. The rate of flow of nitrogen was 


fixed and regulated by a Variac connected to a heater 
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placed at the bottom of a 50 & Dewar containing liquid 
nitrogen. The nitrogen gas was heated by a Hotwatt heater 
before entering the cell compartment. The heater was 
connected to a Taylor Micro Scan 1300 Indicating Controller 
which had been modified as shown in the diagram of Figure 
II-8 to improve stability and resolution, and to a Sorensen 
D.C. Power Supply (model DCR 150/1813). In Figure II-9 is 
shown a block diagram of the actual controller. This 
configuration allowed for a reasonably stable temperature 
and a maximum difference between the temperature at the top 
of the cell and that at the bottom of 0.5 K. 

Three calibrated type T thermocouples were used to 
measure the cell temperature, one placed at the bottom of 
the cell, one in the electrode area and one at the top. A 
platinum resistance thermometer acted as monitor for the 
temperature controller. The cooling system was surrounded 
by a polystyrene box and placed in a well grounded aluminum 
Faraday cage. 

The set up for heating is shown in Figure II-10. The 
cell was either positioned on asbestos supports glued to 
the wall of a clear walled Dewar or fitted to an asbestos 
lid and lowered in a large silvered Dewar. The heat gun 
(Master Appliance Co. model AHO751) was fitted to a glass 
tube. The heating coil of the gun was connected to either 
of the temperature controllers already described. The heat 


Sun fan was powered from a normal 60 cycle outlet. 
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High Temperature Apparatus 
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6. Van de Graaff Accelerator 


A 2.0 MeV Van de Graaff accelerator (High Voltage 
Engineering Co.) was used to produce high’ energy 
electrons. The accelerator was operated at 1.7 MeV for 
this work and pulse lengths of 10, 30 and 100 ns were 
used. The vacuum inside the accelerator tube was of the 
order of 1072 Pa. The beam was focussed with the aid of a 
piece of phosphorescent paper placed at the end of the 
accelerator tube. Each pulse of electrons hitting the 
paper produced a visible glow which could be seen on closed 
circuit television. Steering and focussing of the beam 
were achieved by controlling current to electromagnets. 

A 3.2 mm thick gold target was used to produce Xrays 
to irradiate the sample. The target was placed at the end 
of the beam pipe and was insulated from the ground so that 
the beam of 1.7 MeV electrons could cause the build up of a 
Charge for measurement of the pulse dose. The charge 
generated was measured by an ORTEC model 439 current 
digitizer. A TSI model 1535 counter was used to display 


the signal as nanocoulombs of charge. 


qe Mobility Measurements 


The system used to measure current transient signals 


is shown in Figure II-1ll. For ion mobility measurements 
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amplifier P.A.R. mod 113 was used. The response time and 
gain of the circuit were varied by the gain setting on the 
amplifier and the value of the resistor R. For most of the 
Work a gain of 5 x 108 was used. The 0 to 97% response 
time was about 15 us. 

For electron signals amplifier #8 shown in Figure 
II-12 was used. The gain was 5 x 104 and the 0 to 97% 
response time was about 60 ns. The amplifier was designed 
by Mr. Ron Gardner. 

Collection of data was computer assisted as shown in 
the diagram of Figure II-13. The software was developed by 
Mes. yLarry Coulson. The signals, as plots) of ‘voltage 
against time, were displayed on a scope and printed on 
graph paper by an incremental plotter. All the information 
related to the particular run such as applied voltage, 
dose, temperature, sensitivity, time scale and others were 
also printed. A preliminary mobility calculation was 
performed by the computer. Signal averaging was used to 
increase the signal to noise ratio. 

The electron and ion mobilities were obtained by a 
time of flight measurement. Electrons and ions were formed 
uniformly between two electrodes of separation 2. A 
Measurement of the time needed for the charges to drift 
across the separation led to the determination of the 
average velocity in the direction of the field; “the -drv5e 


velocity Vg 
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The mobility, wp, is defined as the drift velocity per unit 


field strength 


Se IL-2 


where E is the electric field strength and V is the voltage 
applied across the plates. 

Measurements were made with positive and negative 
applied voltages. The two different polarities gave 
results agreeing to within 53. The averages of results 
obtained with positive and negative voltages were used. 

More details on the analysis of the measured signal 


are given in the following section. 


C. The Analysis of the Measured Signal 


In Figure II-14 A is shown an idealized schematic of 
the measuring apparatus. It consists of two plates of area 
A, placed at a distance %, under the voltage V generated by 
the battery. If one electron (charge = -e) is generated at 
time t = 0 somewhere between the two plates, it will be 
accelerated by the field and gain energy- This energy will 


be lost by collisions with the molecules of the surrounding 
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Figure II-14 A: Drift of a charge (-) between two 


plates at different times ty and t.- 


B: Idealized current transient signal. 


The dashed line represents space 
charge distortion, 
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medium. The electron will achieve an average drift 


Bevoeity, Va, in the direction of the field. 
= vE Ii-3 


where p is the mobility. 

Suppose that at time t = t,, the electron is in the 
position shown in the diagram on the left of Figure 
II-14A. It will induce a charge = aje on the negative 
eteetrode and (1 - a,e) on the positive plate. The induced 
Charge is inversely proportional to the distance from the 
charge. 239 At) time t> the electron will have moved closer 
to the positive terminal as shown in the diagram on the 
right of Figure II-14A. The induced charges on the 
negative and positive terminals will now be apse and (1 - 
ae) respectively, where ay < a,- Thus, when the electron 
moves through the space between the electrodes the induced 
positive charge on the negative electrode moves through the 
external circuit to the positive electrode or, during the 
whole drift if the electron travels the whole distance %, a 
Charge -e moves in the external circuit in the opposite 
direction. A current flows in the circuit in the same 
direction as that of the electron moving in the drift 
Space. 


The electron is moving with a drift velocity 
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ax 
da 
Ne =f II-4 
Gt 
e@tongya line of force due to the electric field -E = V/2. 


An amount of work dW will be performed. 239 


aw = eEdxXg II-5 


This energy has been supplied by the current i from the 


battery and is given by 


adW = Vidt II-6 
Therefore 
eEdxg = Vidt 1 
or 
eE dx, e eye 
ei tea er a a Lee 


The induced current is proportional to the number of moving 
charges, Efe, charges/m? are wdnifting: athecimetit ithe 


resulting current/m2 will be 


i= n4pe LI=9 


ee 7 << 
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Electrons are being collected at the positive 


electrode. Their concentration will decrease according to 
zeroth order kinetics. If n, is the’ number of charges of 
either sign/m? generated by the Xray pulse, the 


concentration n being neutralized at the electrode per unit 


area will be given by 


dn noe 

—— =-—— = neve II-10 
she tg 
n(t) = n epEt II-1l 


The concentration, ng(t), of charges contributing. to the 


current will be 
ngq(t) = hoznte) = noe (1-pEt ) II-12 
The current will then be 
i(t) = n,evE(1-pEt) II-13 
The current decays linearly with time. The solid line 
in Figure II-14 B shows an idealized current decay. At 
time t = 0, for an infinitely short Xray pulse, the current 


is directly proportional to the concentration of charges 


generated, to their mobility and to the applied electric 
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field strength. The area underneath the signal is equal to 
noe and is velocity independent. A fast signal will be 


higher and proportionately shorter than a slow one, iA 
being the same in the two cases. 

At time t = ta. thecurrent is zero. This is the 
measured quantity. In this section several limitations 
producing changes from ideality in the observed current 
decay traces will be discussed. 

The three major sources of distortion in the traces 
are: Vl) "finite “width “of ‘“the’''Xray pulse, © (2) random 


diffusion of the swarm, (3) space charge. Their effects 


will be discussed in this order. 


1. Effect of Finite Width of the Xray Pulse 


The effect of a non zero duration of the Xray pulse 
has been discussed in Reference 192. Briefly, when the 
pulse width is not negligible with respect to the drift 
time, a tail appears at the end of the linear part of the 
decay. This makes it difficult to determine the real end 
of the signal. The problem was minimized by always using 
pulses which were much shorter than the drift times. 
Typically the electron drift times were in the order of 
LS. The pulses used were 10 or 30 ns long. sine sormedrite 


times were in the order of ms. The pulses used were 100 ns 


long. In those cases (fast electron signals, high fields) 
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where the width of the pulse was considered to be an 
Sopreciable,.fraction of the -drift time, Equation 2 of 


Reference 192 was used. 
2. Effect of Random Diffusion 


At low fields and large values of ta.) wthe scurnmerG 
decay was no longer linear. This is due to random 
Sereusion of the electrons during the drift to the 
collecting electrode. Random diffusion spreads the tail of 
the current decay signal. In general this problem was not 
important because the threshold fields were sufficiently 
high (see Results section) to ensure that diffusion effects 
were negligible. In those cases where it was necessary to 
reduce the applied voltage the effect of diffusion was 
taken into consideration. 


The mobility from Equation II-3 is given by 


azo 
ks Ra ee Gh214 
V he 


Ws Se 


If diffusion is important 2 can be replaced by (2+Ax) where 
Ax is the mean distance of diffusion opposite to the field 


; A : 192 
direction during the time tg- This quantity is given by 


Ax = (2pt4)1/2 II-15 
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where D is the diffusion coefficient of the electrons which 


is assumed to be given by the Einstein relation 
D = (kT/e)p II-16 
Using this correction Equation II-14 becomes 
p = 2201 + (2KT/ev)!/2I1/ve, II-17 


where k is Boltzmann's constant, T the absolute temperature 
and e the electron charge. For a signal measured at 


S20 V¥/m and 636 K the correction is 15%. 


3. Effect of Space Charge 

Because the electron mobility in methane is much 
larger than the ion mobility (p/p, ~ 104) the electrons are 
Cleared out of the volume between the electrodes leaving 
the ions essentially unmoved. Under certain conditions 
(high dose, low fields ...) this can severely alter the 
field and lead to distortion of the current vs time decay. 

An example of how the trace could look is shown with a 
dashed line in Figure II-14B. 

If a field E, is applied between two parallel infinite 


: ‘ ™ 133 
plates the charge density on each electrode is given by 
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where e, is the permittivity of free vacuum 


re) 
Ce, = 8.9 x 10712 c2 y-2 m72). 


It can be assumed that the whole charge is on the negative 


electrode. 


oO = 2ZE GEO II-18 


and 


Assume that N electron-ion pairs/m? are generated 
between the electrodes, that the thickness of the zone 
cleared of electrons is x and that the number of ions left 


in this zone is Nx/%, where & is the electrode 


Separation. A layer dx of this zone will contain dn, ions 
where 
= Wek TI-20 
eee ag 


A layer dx of ions at distance x from the negative 


ind 


electrode will induce gind charges on it and ox on the 


Positive plate 
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As the electrons are cleared out of the space, the net 


meetd, E,4, generated by othe ‘positive ions and the 


resultant charges induced on the electrodes igl94 
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where N is in units of ion-electron pairs/m?. 
The drift velocity is given by equation II-4. The 


Meenac. tOr the electrons to drift in the space dx is 


ax 
dt = Ha II-26 
=9 x, 12 
ple oxo a) J 
Prestime t, to drift in the space x is 
it i ax 
t = — $$ $$ — Li=27 
- LL QO =f =—9xlo0 fal e 
re) 2 
m 
Integration of this formula gives 
eh she 
ji ( =a) +o X 
t= ee 2240e aN II-28 
=e : We Bae 
Oma x2 (+ ») O ee 
9x10 °N ee ere i 
as 9x10 “N 
This formula can be written as 
E 
Deje2 
P g(—~5-) /2 4 x 
t= 18 onto Sh __— II-29 
=9 2 ye 
2(9x10 NE) 2( < ) [2° x 
9x10. VN 


where N is in ions/m* and Dye, Tale v/m. The drift time t, in 
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the absence of space charge effects is 


pe 
t =— II-30 
re) 
BEG 
The ratio of these two times is 
5 
L ( 5 yi/2 + x 
t i E 9x10 “N 
ee | <5 yi/2 ee II-31 
Ls 2 9x10 "N ve) Tho 
Oo Al =O = Oe 
9x10 “N 


The current ap generated by the exposed ions and the 


resultant charges induced on the electrodes is 


x 

i = - = = II-32 

i, pen (1 WE, a 
= peN(l - +)CE - 9x10 °N(4)*] II-32b 


The current i, in the absence of space charge effects is 
ya TI =<33 
La peNE, 


The ratio of these two currents is 
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This formula shows that the effect will increase with 
N and ES and that, at given N and Eor the effect. wilimipe 
greater at long times giving rise to a long tail at the end 
of the signal. This is shown with the dashed line in 
Figure III-14B. 

Pepiot of i,/i,) vs. t,/t5\in the absence of space 
charge effects is a straight line with slope of -l. By 
plotting these quantities at a given N and different values 
BieBe One can get information about, the minimum field 
strength to use for space charge effects to be neglig- 
ible. Alternatively, plots of i,/i, vs. t,/t,) at a given 
E, and different values of N give the maximum concentration 
of ions producing a negligible field distortion. 

In Figure III-15, is shown an example at Nio..6/Nnolec 
~ 1 x 10714, the maximum concentration used in gas phase 
measurements in this work. The four curves correspond to 
Meee toe c/s of 1.7 x 1072 Ta, 3.3.x 107? Ta, 1) x 1077714 
and 3.3 x 1072 Ta (Td = 10721 m2v /molec) respectively. rn 
the low density gas the threshold field is about Fike Nome 
Td near the coexistence curve and increases with 
temperature at constant density and with density (see 
Results section). 


In liquid phase measurements lower ion concentrations 
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D. Physical Properties 


The physical properties of the gases, liquids and 
molecules were taken from References 162,179-185,195-199. 
Relevant values are listed in Table II-1l. The critical 
temperature, pressure and density were known for CHa 
and eDyi 4! but not for the other compounds. The critical 
temperatures were measured in the present work by observing 
the sudden appearance of the liquid phase signal, while 
Go0oling, from «the “supercritical fluid in the cell that 
allowed simultaneous measurements in both phases. The 
calibration of the thermocouples was verified by the 
critical temperatures obtained for CH, and CDyg (Table 
i=) ). 

The liquid density n (molec/m3) of CD418,-0-Sstgqueaver 
than that of CD4 at the same Teen Gee The densities of 
the other compounds were interpolated between those of CHy 
and CD, at the same Tie but the differences were 
negligible for the purposes of this work. The gas 
densities of CH, were obtained from Reference 195 and were 


assumed to be the same in all the other compounds at the 


Same T/T,. 
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CHAPTER III 


RESULTS 


The electron and ‘ion mobilities were measured in 
methane and its deuterium substituted analogues as 
functions ofp ertite applied electric field strength. 
Measurements were made as a function of density along the 
saturated vapor curve in the region from the normal gases 
to the liquids near the triple point, and at fixed gas 
densities as a function of temperature. 

The electron mobilities are given first, followed by 
the ion mobilities. In each case the order of presentation 
is CH, first followed by CH3D, CHD, CHD3 and CD,. 

Meuiresults- ‘are ipresented-! inorder ® of* “increasing 
density beginning with the gas, followed by the critical 
region, then the liquid phase. 

Aidmpthetvdata dare’ given tds “plots of ‘the “mobility 
»(m*/vs) against the density normalized field strength E/n 
(Ta = 10721 m2 v/molec). For each compound a table 
Summarizing the low field values of the mobility is also 
given. 

All of the curves of Chapters III and IV were drawn 
empirically unless otherwise specified. 


A discussion of errors is given in the Appendix. 
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A. Electron Mobilities 


1. CH, 


In Figure III-l-l are shown the mobilities as 
penctions Of |\E/niin the gas at n = 2.95 x 1029 molec/m3 at 
different temperatures. At all<temperatures the mobility 
is field independent at low fields and then it increases 
when the field is greater than a threshold value. The 
threshold field increases with temperature. It is ~0.02 Td 
Beet i= 116.5K.and -0.14 Td at T = 636K. 

The low field mobility increases with temperature, 
from 0.8 m2 /Vs acm bb6.5K to- 1.48 m2/Vs at 636K. The 
mobility curves tend to merge at E/n ~ 0.5 Td. 

Figures 2PE=Ps2 “and III-1-3 show the effect of an 
increase in density by a factor of about 2. Again, both 
the threshold field and the low field mobility increase 
with temperature. The rate of change of the threshold 
field with temperature has not been altered by the change 
in density. Also the value of the field where the mobility 
Curves merge is unchanged. 

The effect of a further increase in density to 
n= 7.5 x 1025 molec/m? is illustrated in Figure III-1-4. 
The absence of measurements between 0.013 Td and 0.027 Td 
Makes it difficult to estimate the threshold fields. 


However the slope of the curves above 0.013 Td decreases 
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with temperature indicating that the threshold field 
increases. The low field mobility increases with 
temperature. 

In Figures III-1-5 and -6 are reported measurements in 
the coexistence’ § gas. The density increases with 
temperature. In this density region the low field mobility 
decreases by roughly the inverse ratio of the density. A 
Change in density by more than an order of magnitude causes 
little effect on the threshold field which increases by 
approximately a factor of 2. However the corresponding 
change in temperature is only 46K. 

In Figure III-1-7 is shown the effect of raising the 
Pemperature from 152.0K to 292.3K. at n = 5.5 x 1026 
molec/m?. The rate of Change of the threshold field with 
density is approximately the same as that observed at lower 
densities. The threshold field approximately doubles as 
the temperature is increased by a factor of about 2. The 
low field mobility increases with temperature by a factor 
greater than that observed at lower densities. athe 
increased by about 40% on doubling the temperature from 
226K to 555K at n = 2.95 x 102° molec/m? while at this 
density the mobility at 292.3K is 75% larger than that at 
PO2K . 

The effect of a further increase in density by a 


factor of 5 is shown in Figures III-1-8 and III-1-9. The 


low field mobility drops by a factor of 6.5. The threshold 
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Figure III-1-8. Electron mobilities in saturated CH, 


S} 
MaePporrat different densities ( toe molec/m™ ) and 


temperatures (x). OJ, 5.7, 149.0; O, 7.0, 152.8; 
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field increases by 40% on going from n = 5.7 x 1026 


molec/m? and T = 149.0K to n = 28.5 x 1028 molec/m? and 


T = 184K. 
In Figure III-1-10 are shown results obtained at 
n = 29 x 1026 molec/m? at different temperatures. Not much 


change is observed in threshold field, which stays constant 
at E/n ~ 0.04 Td between 188.7K and 195.2K. At “this 
density an increase of less than 4% in temperature causes 
the low field mobility to increase by about 25%. An 
increase in density to values close to the critical point 
has virtually no effect on the threshold field (Figures 
III-1-11 and III-1-12). The change in temperature is only 
4K. The corresponding change in density is about 50%. The 
low field mobility decreases with increasing density. 

In Figure III-1-13 is shown the effect of field and 
temperature on the electron mobility in the supercritical 
gas. The low field mobility increases by about a factor of 
2 on increasing the temperature from 190.7K to 194.6K, a 
Bhange}of about 2%; T, = 190.6K. In this temperature 


region the threshold field stays approximately constant 


with increasing temperature at E/n z 0-03 Td. 
In Figure III-1-14 are shown measurements in the 


liquid phase at densities near the critical point. At 


densities up to n ~ 8.9 x 1027 molec/m? the threshold field 


and low field mobility increase with density. At higher 


densities the low field mobility increases but the 
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threshold field decreases. At n = 9.1 x 1027 molec/m? the 
Serecte, Of the field on the electron mobility is the 
opposite of that observed in the gas. In this density 
region the mobility decreases with increasing field above 
the threshold. The transition between the two effects 
occurs in the liquid at n ~ 8.9 x 102? molec/m3. By 
increasing the density of the liquid the low field mobility 
increases and the threshold field decreases (Figure 
IIlI-1-15). A further increase in density (Figure III-1-16) 
produces a decrease in low field mobility while the thres- 
hold field remains approximately constant at E/n ~ 6 mTd. 
This value is smaller than any value observed in the gas. 
On approaching the triple point (Figure III-1-17) the low 
field mobility decreases with density up to n zw 15 x 1027 
molec/m? and then it increases with increasing density. 
The threshold field does not appreciably change in spite of 
the change in temperature of 50K. 

In Figure III-1-18 is shown the effect of temperature 
On the threshold field along several isochores. in this 
density range the field at which electron heating becomes 
noticeable is a linear function of temperature. The effect 
Of density along the coexistence curve on the threshold 
field is reported in Figure III-1-19. The points at low 
density correspond to a temperature of SDB aber y 


100K. The points in the gas at high density correspond to 


a temperature of about 180K. In this region the electron 
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mobility increases above the threshold. The threshold 
veld increases by a factor of about 3. At a density of 
approximately 8.9 x 1027 molec/m? the field effect changes 


sign. Above this value the electron mobility decreases 
above the threshold. The threshold field decreases with 
density up to n » 10x1027 molec/m? to <a) Vvaluertof, tabour 
0.08 Td and at higher densities it remains constant. 

Moen wesuats’ Ones Figures, ,LII-1-1 ‘to, ITI-1-5 were 
obtained with low pressure type conductance cells. The 
electrode separations were 1.002 + 0.002 cm. All the other 
gas phase results were obtained with high pressure type 
cells. The electrode separations were 0.318 + 0.007 cm. 
Liquid phase data were obtained in liquid type high 
pressure cells. The electrode separations were 
peoto) +) 0.0042cm. 

A listing of the low field mobilities and threshold 


voltages at the different temperatures and densities is 


given in Table III-1. 
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TABLE III-1 


Summary of Electron Results for CHA 
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Table III-l continued 


14245) +4 136 0.0405 1.96 25 + 
mo.2 5.2 0.0370 1.92 26 + 
Poa 15.5 0.0348 Ly eS. 22 + 
m2).5. 45)..5 0.0397 2, 48 30 + 
Bone! 45)..5 0.0445 2.145 33 + 
226,00 5.5 0.£058: 2.0881, 38 + 
292.3, 451.5 0.061 3.36 56 + 
749..0. 5.7 0.0300 i a7. 28 + 
mS2)..9)- 7.0 0.0245 2 28 + 
oO (7.4 0.0220 1 A672 30 *. 
moa. 6? 10). 7 0.0142 1.66 32 + 
697,10 164). 2 0.0110 11556 a2 + 
69.5) V4.4 0.0106 1156 35 + 
weT),.8) 77 0.0085 1.250 36 + 
eA.) 18.9 0.0077 iy 4 6 ay + 
me. 4) 20!.5 0.0071 1.46 38 + 
7i?..6) 2:0...6 0.0071 1.46 38 + 
Ast lt 21). 0 0.0070 Hye 7 38 + 
iee..7) 28%. 0 0.00490 1,.43:7 39 + 
184),.0) 28.5 0.00465 1483 30 5 
188.7 29.0 0.0060 3 40 + 
19127..0. 29.0 0.0070 2203 40 
oon. 2* 29). 0 0,£0:0:75 2.18 37 + 
51.8? 327.0 0.0041 ‘Maree 40 * 
i740 35%.0 0.00370 ie 22 42 a 
mS 8..5) 39.3 0.00310 be 22 42 + 
uS8', 7) 410210 0.0032 1228 ~ 
Sor 18 47 0.00290 eal a2 + 
TSO 7? 44).'5 0.00282 1s? 5 44 + 
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2 CH3D 


In Figure III-2-1 is shown the variation of the 
Prectron mobility) with electric field strength and 
temperature in the low density gas at n = 2.35 x 102° 
molec/m?>. Ast ingthe ‘ease of CHy, the mobility is field 
independent at low fields and increases above a threshold 
value. This value is a linear function of temperature. 
The mobility curves tend to merge at E/n ~0.8 Td. The 
value of the low field mobility increases with temperature. 

Increasing the density to n = 3.3 x 2025 molec/m? 
(Figure III-2-2) and n = 4.9 x 102° molec/m? (Figure 
III-2-3) does not change these effects. In Figure III-2-4 
is reported the effect of temperature on the threshold 
Sietaq in this density region. At T w~ 100K the threshold 
value of E/n is about 0.01 Td (Ta = 10721 m@v/molec). It 
Bemaoout 0.15 Td at T ~ 600K. “Increasing the density of 
the coexistent vapor by a factor of 26 (Figures III-2-5, 6, 
7) causes the low field value of the mobility to drop by a 
Bactor of 34. The corresponding change in temperature of 
50K causes the value of the threshold field to increase by 
a factor of 2. In Figure III-2-8 the effect of raising the 
temperature from 154.8K to 294.0K at a fixed gas density 


n= 6.0 x 1026 molec/m? is illustrated. The low field 


mobility increases by 70%. At the lowest density 


n= 2.35 x 102° molec/m? the same change in temperature 


rs 


ELI y | . =i 


5 fobtekony. oH) die ee’ E-Getae 


4 
a! 


ans d¢enetse Bis? | airtoetS in ee a 
‘c.f <— #4. 98. Ske ovpleneh wel sre ak 
blo? at yvtllécont’ Sho 3h Ja aso aipeas | 
hbicdasid? 6 svads sees toas ‘on ai he gs wot 
eyustseitsgiies Lo fi Tere. ssanit « al soley 
sri .bT 8.0- WV 312 Satoh of Gees eww ies! | 
2 ,~3E 19qme9 Hs tw A6aae30r! vi (Laden bialr® wo Y 
Seloeton “S00 4 EF. is os yd tenes oi . 
siupkt) "w\selee S808 x @> © & Bae 
M-S+ LIT sata al”. Biaetie mast? sonesie | 
Gblonse wit -ofd Ad seiyathanss 30 j592% sit he , 
bhfiofassds sfa NOOL es TT a8 -2 7OLpet ot tarist ot] a 
A (aero rim Brag = pt) oP ics0 —— ae be : 
te qd¥ens6. oid prveshodey . oiged 2 9 A ee et. 
(2 «@eC-ELi eer: imie) af: fo S03 463 .€ xa waew 
S yet pOmb ay’ yoke ont Fp ditav Sfedt wot ye 
lo Swaedsvsemnes, al seasdo bai Pniotadsezon. w et o 
va BOSE IMs OD, Bigwig hi eufae 7s eid, ie au Lev ons 6 a 
Sa> entails 2 sue%s sf! B-f-111 saves nz —s er 
, (tiatigh  @hy Bexts « ta HOES ot FB RES Ome, 
0) besl2 waa ad cBedanigwiet 22 Sa\ewitem ae. ot Ong 
| Ysteis ziswol sat 4h 86.80% yd somaptons xy on 


a ak Fis sesh alba... 93 °n\so ken ~<a = 


Gat 


i 


Oo 
= 


114 


te ad 68S ‘ SiGe Gia “Or OG. HO Vly. ‘o°Ssep *“ 
a 


SL 666. XL GE? es fe Gat. EBL LUC y 


pue BU CR IR 


Ci 8 SBC ae Cet ee 
(m) seanjZereduse}, JFUuSereFFTP 


Oi x Ge 7 seth te Sel atu Ut SotjtT qou VUOsjoe (FT Sil-7 arid einbt 7 
Sc 


(ley) 


— 
( SA / pl Tt 


ait 


— ‘ ’ 
,° . ; 


ui eaid) lidow fotiose in 


» L- Satie 


_ a ae 4 ‘ 7, . (7 a 17 etSeGne” Shaves yay 
J :0.8tt .O oD.88) ge 58.206. Fee. es 


ES 


“hOV Scien: Oy Cacen@ 
HOSTOC EC) Gr 20Ce. eo 28 C9 Lee AS Gi = eel) soainjzereduez JUSTeFFTP 


pace w/oa von FO Oba =e 


(Die ye Usd 
0 501 a 


oo ye ee ee ‘Tile 
AAA KAA AK A 


FA 


Oe aie eee 
A th g—V—-V—-V-v-V— Va 


Zi 53-88-88 8-28 


a 


oe 7) il 


Sris ae Iz 
‘ on “OF 
% io he > - 
: Lf re —) aa a 
; a owe o ee Cee | OD, ve = 
s pave | eat ti tie oe Gpis 
3 tLe yt 2} $s f mu 
= ~& as | 3 FF 


os 
ad 


. ~*~ tevet f ; 
A aD Coes Es ee 
2noyeiTEb 


Pup 5 en is e@ 


att 


116 


SOLE Poe] oa 09S Gye eC emeay 


eK? et. eG 6G eee A ne ares Seats Ol or 63) 


Lee et soeanjzeisdus} JUSeATSFFTp 
€ 


pue paetow eel X 6°P = U We SeHh GHD UT sSeTRATTTGow uozzdeTA 


"€-Z-I11 eanbty 


( Ppl ) U/3 


_—Vv— V— V— ¥— V-V— 
—~g—O-O-0-0- 


( SA / zu ym 


ai 


; 5p C.8oO RP Be istitiiom 2ortsols 


by 4 -ne 


7T> 


7, y vs amen , 
, A TE.ROL , &-. Op petits root’ tirgeosi rh 
a ie 3 
eth , ti <2 cat Ee Onecces 4. oO 


th By 


"60? Ay; HORE SCT SEs 1G ial oun erode) 


FORUOCL OUND Fo Sse a “Ul/ oo) OU OL ) SeTATSUSpP jJUSsZaeFFJTp 3e seb at Ho ut 


o NG 


at eee 
Hbutqeey uorzRZOeTS AO0FZ 4 u/q) 4 pl[OUSSAUQ PTeTs DTAROSOLA *P—Z-TIT Sanbt 


1) L 
ONS He ONG RS JOS OOF OOF 0 10k 00} 


7 . ; - ‘aon a a e— 


‘Woe «toe | Geb. ORE 


ph saat: iioxsoete 1084 triad hfotsedds Eilat? olysoehs « 


c ed 


eh : . 
jn nobiore7 6 ee i “seston “WE Y ealtidnet puikeit 6 a “Se of Aa qd 


cca 4 ED : © Vee. 3 a~h eri SSe9qne4 


 o., 


118 


evOte Be! V7. 0uG6 0G ic 2G) 


SeTjTsuep WUueTezZJTp Ze AOdea qt 


(mM) Seanjezedusez pue ( 


HD pezeanzes ut SaTAT{TITqow uoz,oeTYW 


( Pl ) U/A 
01 S204 


° ° 4 ° 4 
So 0 Lay Oey aaa 


VOT OU 
ea T cz ) 


"G-Z-III eanbty 


nO 


—_ 
( SA / pu yt 


hc Gs 


aeiJienSh Jaatettib te tO9¢]@sK’ OND le*sabsian. nt Bebdtiaitor aewtos!n 


eae on 


“2.308 <8 in £0.08 _ OF .S ,@ %)) astodversatst ine 


Jt28or 7a,6 .E) 


Cit 


a 


JES) 


*GUOcHT 92°@)" A SG" ezT Ole, “4-70 Pelee 


*GTOLL ¥OTET a) eUSSLI (6820 °(u) seinzeredusez pue ( eae iem gz0t ) 


SOTFISUSp JUSeTeTJTp ze Aocdea at HO pezeinjes UT SeTAT{TTqow uozzdeTY °*9-Z-III Sinpta 


( Pl ) U/3 


VN SN VN 


“fi Q-O- 0 O- O—_0—O 


_o- (ips le ttle [lee 


_W 


( SA / pu yr 


Zetsiznah jto24 4ue 


--@ A 
se .. PLS 


ert 


‘a 
Mais: a 


path ih Bt, 
frags Sakon eee 


as 


_ 


4 


tb #46 yYoos: GH botEwsse ol Beessttidurwcemanrd 
r td - 


att Oyen eon 


BP HfL «dh .ki? ¥ 2, O22 


ShahS £ 


esrate sass ane ( Maeieg pL } 
ws. + 


Beet vee 


120 


EG" 67 UL (el Gk f° OPT “a Ge OR GE CPL eye ec) ee ee en 
rai : eG. -* to ge ete : soinjerzodus ue w/ddTOw 

Onli oO © FO) a Fede (Lhao a a ey 4 4 DUR yb nel 29 1 Sth se 50: Une) 
Sota CSuop AUetes II p 3e r1o0dea qe HD Pe peanteSs UWE Sota LgOu UO4) Oo tae eo aanbt aq 


( Di) UA 


( SA / pw yt 


Seislene’ trv2st) ib 
(O. fh! 


i¢> 
, eo . 


mi 


es) tiLitldm, agave st 
¢uk 
po ee 


2a Iy4Sesiae bnsé 
oP, f 


£.857 


\ 


128 


70pece ’  4B°STe “ey MD°OLT AOS 8 wSTe* Cy Gl Sezapeaedia) shore Ee 


pue ae Hee Se: X O0*9-= U 9e seb at uo UT SOETITTTGow uorz}OeTA *g-Z-III eanbty 


C Pie dela 


ca 
i) 
i) 


(SW al 


CO 
i) 
i) 


Ot OT 
aoe seh ie > Petros 


— 


ins “ehoelon —~ ix 8.8 © w ge = Gi) Af g@enivilicen nows 


ov: ,@ ane , Ch am) eenuietegneay Snasetaes 


‘ten 


mroauced an increase in mobility of only about 30%. At 
n= 6.7 x 1026 molec/m? (Figure III-2-9) the low field 
mobility increases by 90% between 153.9K and 293.0K. At 
these two densities the threshold field increases with 
memperacurefrom a value of about 0.026 Td at 153.9K to a 
wamue Of about 0.05 Td at 294.0K. 

A change in density of the coexistent vapor from 
7.5 x 107© molec/m? to 10.7 x 1026 molec/m? (Figure 
III-2-10) causes the low field mobility to decrease from 
oid, x 1072 m*/Vs to. YWe4r: x. ao-2 m2/Vs. No effect is 
noticeable on the threshold field. The corresponding 
change in temperature is only ~8K. Heating the gas from 
[ieOok to 210.0K at n = 15. x “102 molec/m? (Figure 
III-2-11) produces an increase in low field mobility of 
about 60%. In Figure III-2-12 are shown the effects of 
density and temperature on approaching the critical 
point. The coexistent vapor density increases from 23.6 x 
1026 


molec/m? to 55 x 102© molec/m?. The corresponding 


Change in temperature is 10K. These changes lower the low 
field value of the mobility from 6.4 x 1073 m2 /Vs CONS. 200 x 
1073 m2/vs and increase the threshold field from 0.034 Td 
to 0.040 Td. 

The effects of raising the temperature from 186.9K to 
195.2K at n = 27 x 1026 molec/m? and from 191.3K to 193.3K 


along the critical isochor are shown in Figures III-2-13 


and III-2-14. At the lower density the low field value of 
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the mobility increases by about 35% for an increase in 
temperature of 8.3K. Ate the’ critical: wdensity ee 
61 x 1026 molec/m?) an increase in temperature of 2K causes 
an increase in low field mobility of about 503%. At the 
lower density the threshold field is approximately constant 
Meteween 186.9K and 195.:2K at E/n ~ 0.035 Tad. At the 
critical density a slight decrease is observed by raising 
the temperature by 2K. 

In Figure III-2-15 are reported measurements in the 
coexistent liquid at densities near the critical point. As 
previously observed in CH, the field effect on the electron 
mobility undergoes a change of sign. At n = 7.9 x 1027 
molec/m? the mobility increases with field above the 
threshold. At “nm f=) 28:6. =x 1027 molec/m? the mobility 
decreases above the threshold. The transition between the 
two effects can be set at value intermediate between these 
two. In this density region the low field mobility 
increases with density. A further increase in density in 
the liquid (Figures III-2-16 and 17) produces an increase 
MG. field mobility up to n = 10.6 x 10¢’ |molec/m>. 
Above this value the low field mobility decreases with 
density. Throughout this density range the threshold field 
is constant at E/n ~ 8 mTd. This value is lower than any 


value observed in the gas. The mobility curves tend to 


merge at E/n ~ 0.1 Td. 
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The electron mobility decreases with density (Figure 
III-2-18) up to n = 14.8 x 1027 molec/m3. Above this value 
it increases with density on approaching the triple 
point. The threshold field is.constant at E/n ~ 8 mTd. In 
Figure III-2-19 the effect of density and temperature on 


the threshold field from the dilute gas to the dense liquid 


along the saturation curve is illustrated. The lowest 
density corresponds to a temperature of 99K. The highest 
gas density corresponds to a temperature of 191K. The 


threshold field increases from about 0.015 Td to about 0.04 
Td. A change of sign is observed at an approximate density 
of 8 x 1027 molec/m3. In the liquid the value of the 
threshold field is approximately density (temperature) 
independent at E/n ~ 8 x 1073 Td. 

ine. resikts| in Figures 21I-2-1 to @III-2-=5 were 
obtained with low pressure type conductance cells. The 
electrode separations were 1.001 + 0.003 cm. All the other 
gas phase results were obtained with high pressure type 
cells. The electrode separations were 0.314 + 0.004 cm. 
Liquid data were obtained in liquid type high pressure 
Cells. The electrode separations were 0.315 440 20038cm. A 
listing of the low field mobilities and threshold voltages 


at the different temperatures and densities is given in 
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a. The results appear in this table in the same order 
as the figures. They are given in order of increasing 
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3. CH5Do5 


In Figure III-3-l1 are reported measurements of the 
electron mobility in the saturated vapor as a function of 
field and density (temperature). The behavior is analogous 
to that observed previously. The mobility is field 
independent at low fields and it increases with field above 
a threshold value. This value is approximately constant in 
this region. The temperature variation is only ~l0K. In 
this density region the value of the mobility at low fields 
is proportional to the inverse density. In Figure III-3-2 
the effect of raising the temperature from 133.0K to 450K 
at n = 3.7 x 102° molec/m? is illustrated. The low field 
mobility increases by about 508%. The value of the 
threshold field increases with temperature. Ae SEN tis 
density the mobility curves tend to merge at E /mic~ 20 -5eera 
and show a tendency to saturate above this value of 
field. The same features are observed at n = 6.1 x 102° 


molec/m3 (Figure III-3-3). The threshold field follows the 


same temperature dependence observed at the lower 


density. The low field mobility increases by about 60% for 


a change in temperature of 295.5K. The mobility curves 


merge at about 0.6 Td but no evidence of saturation is 


observed. 
An increase in density of the coexistent vapor leads 


to a decrease in low field mobility (Figure III-3-4). 
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Raising the temperature from L55.../Ki to 292.0K “at 
fe=i7-3 x 107° = molec/m (Figure III-3-5) leads to an 
Encmease Of “the low field mobility of 78%. The rate of 
change of the threshold field with temperature is the same 
as that observed at lower densities. 

In Figure III-3-6 is shown the effect of temperature 
On the threshold field in a density range spanning from 
3.7 x 102° molec/m3 Eh. ars x 102° molec/m?. An 
approximately linear dependence is observed. By increasing 
the density of the saturated vapor by a factor of about 3 
(Figure III-3-7) a drop in low field mobility by a factor 
of about 4 is observed. A 30K change in temperature causes 
the threshold field to increase from 0.038 Td to 0.045 
Td. At n = 26 x 1026 molec/m? (Figure III-3-8) an increase 
in temperature of about 10K above the coexistence curve 
produces an increase in low field mobility of about 50%. 
At the lowest density the same temperature change increased 
the low field mobility by less than 10%. The threshold 
field is approximately constant at E/n ~ 0.04 Td for this 
limited temperature variation. 

In Figures III-3-9 and III-3-10 the effect of 
increasing the density of the vapor from 2.65 x Loa: 
molec/m? COvn. =¢6.1 °x 1027 molec/m? is shown. The low 


Cc 


field mobility decreases with density in the vapor and it 


increases in the Supercritical gas. This change in density 


corresponds to a change in temperature of about 8K. The 
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value of the threshold field is approximately constant at 


E/n ~ 0.04 Td. A slight decrease to ~ 0.03 Td is observed 
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cr 
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4 189.2K. An increase in temperature at the critical 
density (Figure III-3-10 and III-3-11) from 189.2K to 
193.9K causes the low field mobility to increase by a 
factor of about 2.5. The threshold field is approximately 
constant at E/n ~ 0.03 Td. 

In the liquid (Figure III-3-12) at densities near the 
Critical point the effect of the electric field on the 
mobility changes. ie is positive near zero at 
n= 7.5 x 1027 molec/m3 and negative at n = 8.8 x 1027 
molec/m3. The transition can be set at 8 x 102? 
molec/m?. In this density region the low field mobility 
increases with increasing density. In Figure III-3-13 the 
effect of increasing the density of the liquid is shown. 
The low field mobility increases up to n = 10.4 x 1027 
molec/m?. The threshold field decreases to a value of 
about 1.0 x 1072 Td. Again, as observed in CHy and CH3D 
the value of the threshold field in the liquid far from the 
critical density is lower than any value observed in the 
gas. A further increase in density (Figures III-3-14 and 
III-3-15) in the liquid causes the mobility to decrease up 


to n = 14.2 x 1027 molec/m?3 and to increase at higher 


densities on approaching the triple point. Throughout this 


density (temperature) range the threshold field is 


-2 
approximately constant at E/n ~ 1.0 x 10 AIS ke The 


mobility curves tend to merge at E/n zy O.1 Td. 
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In Figure III-3-16 is reported the variation of the 
threshold field in the saturated vapor and liquid from the 
dilute gas to the dense liquid. In the gas the mobility 
increases at fields above the threshold. The value of the 
threshold increases monotonically with density from about 
0.015 Td at the lowest density corresponding to a 
Bemperature of 94K to about 0.05 Td at densities slightly 
Bee ean sUhat at the critical temperature T, = 189.2K. 
In the liquid the field effect undergoes a change of sign 
at a density of 8 x 1027 molec/m?. At higher densities the 
mobility decreases with increasing field above’ the 
threshold. At n >» 10 x 1027 molec/m? the value of the 
threshold field is density (temperature) independent at 
E/n ~ 8 x 1073 Ta. 

Results in Figures III-3-1 to III-3-3 were obtained in 
low pressure type conductance cells. The) eiectrode 
separations were 1.004 + 0.001 cm. All the other gase 
phase results were obtained in high pressure gas type 
cells. The electrode separations were 0.314 + 0.004 cm. 
Liquid data were obtained in high pressure liquid type 
cells. The electrode separations were 0.323 + 0.005 cm. A 
listing of the low field mobilities and threshold voltages 
at the different temperature and densities is given in 
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TABLE III-3 


Summary of Electron Results for CHAD; 


r n u ny (E/n) py, Fu/d(E/n) 

Pom Geom) 4 (mo /vs) [107>(vem)~2}) Gra) 

94.0 0.143 eric ey: 14 t 
ea" 0.145 1.80 rail 

96.0 0.172 igaaaie 2G 
100.0 0.257 0.94 2.42 18 + 
102.0 0.312 0.80 2.50 18 4 
102.8 0.330 0.80 2 *64 iG + 
133-0 0.370 0.68 252 18 + 
170.8 0.370 0.74 2.74 22 : 
2 Ine 0.370 0.83 3.07 40 : 
393.5 0.370 0.90 #833 60 4 
est? 7 0.370 0.97 3855 80 + 
409.6 0.370 Troe a7 7 90 + 
450 0.370 105 3.89 130 + 
miro 0.61 0.379 2°31 13 ¢ 
151.0 0.61 0.42 2°56 22 + 
225.5 ial 0.49 2.99 40 x 
294.0 G61 0.54 3.29 60 + 
340.0 0.61 0.57 3.48 70 + 
408.5 0.61 tpg Shae 90 + 
120.8 ea? Drts3 2.10 28 + 
137.7 a05g 0.058 2.08 26 + 
139.0 3.82 0.054 2.06 30 - 
147.8 5.9 0.0350 2.05 30 + 
517 ies 0.0275 2.01 28 4 
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D2 5D 
B25). 5 
261.8 
292.0 
154.0 
168.9 
fe>.3 
£98 .5 
g60.1 
184.2 
186.0 
e923 
$92.0 
95.15 
eoh. 4 
e623 
mae . © 
34, 2 
$35.5 
186.0 
186.6 
187.8 
188.0 
£89..0 
8389 52 
189.6 
139.8 
690..5 
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y hey! 
ee 
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$9.8 
22.8 
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26.0 
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260 
26.5 
28.0 
25.3 
Ske 
34.0 
20.5 
67/40 
42 
43 
52 
61 
61 
61 
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0.0320 
0.0368 
0.0422 
0.049 
0.0240 
OsOt21 
Os0007 
0.0064 
0.0058 
040059 
0.0063 
0.0073 
0.0080 
0.0089 
0.0062 
0.0050 
0.0054 
0.0045 
0.0040 
0.00370 
OFO0S62 
0.00341 
0.00365 
0900313 
0.00345 
0.00452 
0.00497 
0.0059 


2.34 
2369 
3.08 
by BSE) 
1385 
ees, 
E352 
1.46 
1.44 
1453 
1.64 
1590 
2.08 
Sec a 
1.64 
1.40 
1D o 
1.42 
i Nem HS) 
1B 7eRe 
1.34 
1.43 
LG See i) 
L763 
250 
20 
SHS) 
3+60 
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38 
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Table III-3 continued 


wee 61” 00071 4.33 30 + 
Mees Gl? = 0} 0080 4.88 28 4 
193.9 ane 0.0085 5.19 27 + 
189.0 75 On Dez. oa 30 + 
187.8 82 O02 25 ike 

186.6 87 0.0250 28s 8 

186.2 88 0.0310 275i 50 - 
186.1 88 ORE 29.0 

185.5 91 0.0350 31.9 30 - 
a4 .(2 94 0.0430 40.4 24 - 
a3). 8 95 0.0450 42.8 18 ~ 
22.3 97 Ovd5T 49.5 14 - 
meee) =101 0.057 58 fe - 
ie.) 104 0.058 60 an ~ 
78.0 105 0.059 62 10 - 
H7523 +4109 0.057 62 10 = 
mie. 7 - 112 0.052 58 10 ~ 
eons | 22 0.0395 48 10 = 
fse5. i231 0.0303 3,7 10 3 
io50 142 0.0268 3 Ciel: aba 2 
oza.0 - 152 0.0267 40.6 All = 
i140 158 0.0280 44.2 deb = 
109.0 61 02101291 47 10 F 
TOO. 0) 166 OZ03 10 Sul etl z 
93.0 169 O09 35 By) 10 - 
SF) 170 0.0340 58 11 = 


a. The results appear in this table in the same order 


as the figures. They are given in order or an¢creasing 


density. 
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4. CHD3 


In Figure III-4-1 is reported the variation of the 
mobility with field and temperature in the gas at 
n = 2.30 x 102° molec/m?. The mobility ie) sG1eld 
independent at low fields and increases above a threshold 
value. The value of the threshold field increases with 
temperature. By raising the temperature from 102.0K to 
622K the low field value of the mobility increases from 
~. O02 m2/Vs Go 11.89 m2/Vs. The effect of an increase in 
density by a factor of almost two is shown in Figure 
ITI-4-2. Tne’ rate ‘of change of, the threshold«afield with 
temperature is the same as that observed at the lower 
density. The low field mobility increases by about 70% on 
raising the temperature from 106.6K to 434K. 

In the saturated vapor (Figure III-4-3) the low field 
mobility is inversely proportional to the density. In 
Figure III-4-4 the effect of raising the temperature from 
Bek to MOS. 7K Mat- ni © G2.2¢ux 102° molec/m>~ is 


illustrated. The low field mobility increases by about 40% 


While the threshold field increases with temperature. pee 
is 0.018 Ta Cie Tos = 10721 m2v /molec) at T = 227. 5K Vand 
Be065Td at T ‘=: 293:7K. This is consistent with the 


Variation observed at lower densities. In this temperature 


region a change of about 20K causes a change in density of 


the saturated vapor of about a factor of 3 (Figure 
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IlI-4-5). The increase in density lowers the mobility by 
about the same factor. The threshold field increases from 
moe 1d to 0.03 Td. 

The effect of a change in temperature from 155.0K to 
369.5K at n = 6.8 x 1026 molec/m? is shown in Figure 
IIlI-4-6. This causes the low field mobility to increase by 
more than a factor of 2. The same change in temperature at 
the lowest density produced an increase in mobility of only 
about 40%. The rate of change of the threshold field with 
temperature at this density is the same as that observed at 
lower densities. 

In Figure III-4-7 is shown the effect of temperature 
on the threshold field at four densities different by a 
Paceor of about 2. An approximately linear dependence is 
observed in the range from about 100K to 600K, independent 
of density in this range. 

In Figure III-4-8 are reported measurements in the 
Saturated vapor. The small temperature and density changes 
show the consistency of the measurements. At 
n= 9.3 x 1026 molec/m? (Figure III-4-9) raising the 
temperature from 161.0K to 293.8K causes the low field 
mobility to increase by a factor of about 2 and the 
threshold field from 0.035 Td to 0.06 Td. The effect of 
Change in density of the saturated vapor by a factonm of72.8 


is shown in Figures T1I1I-4-10 and III-4-11. The 


corresponding change in temperature is 22.8K These changes 
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cause the low field mobility to drop by a factor of 3.4 and 
mnes threshold field to increase from 0.035 Td to 0.045 
Td. Ree = 2981 | x 86102 molec/m? (Figure III-4-12) 
increasing the temperature from 184.0K to 192.8K causes the 
mobility to increase by 46%. In this limited temperature 
range the threshold field is constant at E/n = 0.045 Td. 
The effect of approaching the critical density on the 
vapor saturation curve is shown in Figure III-4-13. The 
value of the threshold field does not appreciably change 
for an increase in temperature of only 4.9K. However the 
corresponding change in density is an increase by a factor 
oro .6. This causes the low field mobility to drop by a 
mateeor Of 1.5. At the critical density, Nowe = Gy lx 1027 
molec/m?, (Figure III-4-14) an increase in temperature from 
189.0K to 193.0K causes the low field mobility to increase 
Byena factor of 2:28: tena 189.0K. The value of the 
threshold field is approximately constant at E/n ~ 0.03 Td. 
In Figure III-4-15 the effect of increasing the 
density of the tiquid  ‘abovey the critical’j point is 
illustrated. As previously observed the field effect on 
the mobility undergoes a change of sign. The mobility 
increases with field above the threshold in the gas at 
me 6.) x 1027 molec/m>. The threshold value is at about 


0.03 Ta. at n = 8.3 x 1027 molec/m? the field effect is 


27 S. 
zero up to E/n ~ 0.06 Td. At n = 8.8 x 10 molec/m” the 


mobility decreases with field above E/n 2 0.03087d a athe 
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transition between the two effects occurs at a density 
intermediate between 8.3 and 8.8 (1027 molec/m?). In this 
density region the low field mobility increases with 
density. A further increase in density to n = 10.3 x 1027 
molec/m? in the liquid (Figure III-4-16) produces a further 
macuease in low -field mobility. The threshold field 
decreases from 1 x 107% Ta to 8 x 1073 ‘Ta. At 
n> 10.6 x 1026 molec/m? (Figure III-4-17) a decrease in 
low field mobility as the density is increased is 
Observed. The threshold field is constant at E/n ~ 9 mTd 
between 178.6K, n = 10.6 x 1027 molec/m? and T = 155.3K, 
n = 13.0 x 1027 molec/m?. The mobility curves tend to 
merce at about 0.1 Td. 

In Figure III-4-18 is shown the effect of increasing 
the density of the liquid to n = 16.9 x 1027 molec/m?. The 
low field mobility is approximately constant between 
14.0 x 1027 molec/m? and 14.8 x 102? molec/m? and then it 
increases with increasing density. The threshold field is 
constant at E/n ~ 9 x 1073 Td. The mobility curves tend to 
merge at 0.1 Td. In Figure III-4-19 the effect of density 
and temperature on the threshold field in the saturated 


vapor and liquid phases is illustrated. In the vapor the 


threshold field increases in a temperature range from 


111.1K at the lowest density to 188.5K at the highest from 


€ value of 0.018 Tad to a value of 0.05 Td. The field 


effect undergoes a change of sign in the liquid at a 
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density intermediate between 8.3 and 8.8 (1027 molec/m?). 
In the normal liquid the threshold field is (E/n)yy, ~ 
9 x 1073 Td, independent of temperature and density and is 
lower than any value observed in the gas. 

Data in Figures III-4-1 to III-4-4 were obtained with 
low pressure type conductance cells. The electrode 
separations were 0.999 + 0.001 cm. All the other gas phase 
results were obtained in high pressure gas type cells. The 
electrode separations were 0.315 + 0.005 cm. Liquid data 
were obtained in high pressure liquid type cells. The 
electrode separations were 0.320 + 0.001 cm. A listing of 
the slow field mobilities and threshold voltages at the 


different temperatures and densities is given in 


Table III-4. 
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TABLE III-4 


Summary of Electron Results for CHD 


T n y nu (E/n) du/d (E/n) 
26753 y 25 a eats 
memeitO mm  ) (m-/Vs) [10°°(Vsm) ~~] (md) 
202.0 0.230 1402 2.35 20 + 
135.0 0.230 1508 2.48 22 + 
275.'2 0.230 Ta?) 298 35 + 
225.2 @. 230 1.31 3-61 45 + 
294.6 0.230 1445 2234 60 + 
348.6 0.230 1954 ome 70 + 
405.7 0.230 1365 3.80 90 + 
465.6 0.230 Lars 4.03 90 0 
516,.7 0.230 1473 4.09 100 + 
568.7 0.230 1.84 4.23 120 + 
622 0.230 1.89 £7 35 150 + 
106.6 0.43 0054 Dae 18 + 
135.5 0.43 0.60 2658 22 + 
ES. 1. 0.43 0.63 er as 30 + 
235.6 0.43 0.70 B10 1 40 fe 
294.6 0.43 0.78 3335 60 + 
ao), 2 0,..4:3 0.82 3.53 70 zi 
384.8 0.43 0.86 3.70 80 + 
434 0.43 0.91 3.91 90 + 
dils),. 1. 0.70 04325 2.28 18 y 
£5... 8 0.99 04221 229 20 z 
215.5 1242 0.200 2.44 18 + 
136.0 22 Da205¢e;. 2-50 22 + 
156, 0 a, 22 0.216 2.64 25 + 
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Table III-4 continued 


HO a, 2 116 Or, 03:2 60 g = 
BES 20 1 1e/ 0.048 56 9 = 
W631 2/3 0.040 49 9 = 
19.5 126 0.0367 46.2 9 = 
oo. A gle 1 ORO) 43.6 8 = 
53.23 130 O' 903333 43.3 8 = 
ee 7 140 0.0284 59 30 :) = 
a0), 3 148 On.0276 40.8 9 =~ 
o's 2 Ingahs) One. 45.1 =) = 
108.9 161 Ox 0320 52 9 = 
28 16:7 05.0355 59 e) = 
eg 769 0.0390 66 ] = 


a The results appear in this table in the same, order 


of appearance as the figures. They are given in order 


of increasing density. 
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In Figure III-5-1 are reported measurements of the 
mobility in the saturated vapor as a function of field and 
density. The mobility is independent of field strength for 
fields lower than a threshold value. Above this value the 
mobility increases with increasing field. The value of the 


fowetield mobility is inversély proportional to the 


density. The effect of raising the temperature at two 
different densities is shown in Figures III-5-2 and 3. At 
f=, 3.20 x 102° molec/m? raising the temperature from 


106.0K to 598K causes the low field mobility to increase 
from 0.70 m2/Vs tos]. 34 m2/Vs and the threshold field from 
0.015 Td to 0.15 Ta (Ta = 10721 m*v/molec). At 
n= 5.0 x 1022 molec/m? an increase in temperature from 
111.8K to 521K produces an increase in low field mobility 
from the value of 0.47 m*/vVs to that of 0.83 m2/Vs. The 
threshold field is 0.02 Td at the lowest temperature and 
0.12 Td at the highest. The mobility curves tend to merge 
BeeB/n ~ 0.6 Td. 

In Figure III-5-4 are reported measurements in the 
Saturated vapor as the density is increased from 


Mee 02 ~molec/m? to 4.46°>x 102° molea/ma. The 


corresponding change in temperature is. fon ee 


142.0K. In this region the low field mobility decreases by 


a factor of 3.6. A change in temperature of about 25K 
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hogure: Til-5-4. Electron mobilities in saturated 
CD, vapor at different densities (oe Omeey eee 
and temperatures (kK). O, 1.23, 119.3; O, 2.00, 
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causes the threshold field to increase from about 0.02 Tad 
co, @.03 Td. 

Raising the temperature from 138.4K to 433K at 
n = 3.7 x 1026 molec/m? (Figure III-5-5) has the effect of 
increasing the low field mobility by a factor of about 2. 
An increase in temperature from 146.5K to 397.OK at 
may. 5 xX 1026 molec/m? (Figure III-5-6) increases the low 
field mobility by the same factor. However the change in 
mobility which is observed by raising the temperature 15K 
above the coexistence curve is about 10% at the lower 
density and about 15% at the higher one. In both cases the 
rate of change of the threshold field with temperature is 
the same as that observed at lower densities. 

Figure III-5-7 shows the effect of temperature on the 
threshold field at different densities. The threshold 
field increases with temperature independent of density 
between 3.20 and 55 x 1026 molec/m?>. 

An increase in density of the saturated vapor from 
28 to 2.83 (102° molec/m?) (Figure III-5-8) lowers the 
low field mobility by a factor of 2.7. The threshold field 


memmeconstant at FE/n,~ 0.04 Td: The corresponding 


~v 


temperature change is only about 18K. In Figure: 1T1r-5-9 


the effect of raising the temperature from 182.7K to 195.5K 


at n = 2.90 x 1027 molec/m? is illustrated. The low field 


mobility increases by about 80%. The corresponding 


increase at the lowest density was less than 10%. In this 
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limited temperature range no effect is observed on the 
threshold field which stays constant at E/n ~ 0.04 Td. In 
Figure III-5-10 are reported measurements in the saturated 
vapor at densities approaching that of the critical 
point. The low field mobility decreases with density. 

Raising the temperature in the supercritical gas 
(Figure III-5-11) increases the value of the low field 
mobility. On going fmom 189.3K to {193.2K vthe mobility 
increases by about 70%. The value of the threshold field 
is approximately constant at 0.03 Td. 

In Figure III-5-12 are reported measurements in the 
coexistent liquid at densities near the critical point. 
The low field mobility increases with density. The field 
effect undergoes a change of sign at a density intermediate 
between 8.6 and 8.9 (1027 molec/m?). The threshold field 
increases with increasing density up to n = 8.6 x 1027 
molec/m? and then it decreases. A further increase in 
density of the liquid to n = 10.5 x 1027 molec/m? (Figure 
III-5-13) produces an increase in low field mobility and a 
slight decrease in threshold field. In Figures III-5-14 
and III-5-15 the effect of further increasing the density 


of the liquid is shown. The low field mobility decreases 


with fenstey sup to n = 15.1 x 1027 molec/m? and then it 


increases on approaching the triple point. In this range 


no effect is observed on the threshold field, which stays 


constant at E/n ~ 9 x 1072 4rd. 
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The effect of density and temperature on the threshold 
field is shown in Figure III-5-16. In the saturated vapor 
the threshold value of the field increases monotonically 
with density (temperature) from a value of ~ 0.02 Td at 
mgeout LOOK to that of ~ 0.05 °Td at about 180K. In the 
liquid it increases sharply and at a density between 
Beonand 8.9 (102’ molec/m?) the field effect 6n ‘the 
mobility is zero. At higher densities the mobility 
decreases with increasing field above the threshold 
value. This value increases with density. At densities 
higher than about 10 x 1027 molec/m? the threshold field is 
density (temperature) independent. 

Results in Figures III-5-1 to II-5-3 were obtained in 
low pressure type conductance cells. The > electuode 
separations were 0.999 + 0.002 cm. All the other gas phase 
results were obtained in high pressure gas type cells. The 
electrode separations were 0.315 + 0.005 cm. Liquid data 
were obtained in high pressure liquid type cells. The 
electrode separations were 0.320 + 0.001 cm. A listing of 
the low field values of mobility and threshold voltages at 


the different temperatures and densities is given in Table 


Tii-5. 
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TABLE III-5 


Summary of Electron Results for ED, 


n u nu (E/n) vay du/d (E/n) 


Oe 222 Leo l: 2 aah 20 + 
0.256 1.00 2.56 20 + 
0.50 0.48 20 A0 20 + 
O32 0.70 2 24 15 +. 
G2032 Our 2.46 22 + 
ew 0.87 27,3 30 + 
0.332 0.94 Brat 50 + 
G22 1.06 3.39 60 + 
C232 Dens 3.68 

Ona? alee slg 3.74 90 + 
0.132 2S 4.00 90 ns 
G2 3 0 4.16 100 pH 
OS ds 4 4.29 150 a 
O50 0.47 DRS 5 20 a 
0.150 Qasr 255 23 + 
On 50 0.54 2D 30 a 
O50 0.56 2.80 30 : 
0.50 0.61 B05 40 + 
0.50 0.67 3.30 60 i 
0. 50 0.710 3250 70 a 
0.50 0.74 pa 80 ‘ 
0.50 0.79 ge) 100 i 
0,50 0.83 4.15 120 * 
123 0.166 2.04 22 a 
2.00 0.100 2.00 20 y 
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Table III-5 


26 .:2 
32.0 
135... 77 
41.0 
142.0 
138.4 
55.57 
LI. 
Be 2 
285.7 
294.0 
BiSi/ 

385 

433 

146.5 
160. 0 
184.5 
236..5 
2983.0 
341 

807 

154. ..10 
164.8 
174.5 
iW5..5 
OS) 
AS SAT | 
13 5..5 
SS). 7 
Jee 


2.0116 
2106 
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a. 70 
S770 
3 /0 
By. 70 
By. 7,0 
Bp. 70 
b>. /0 
e710 
8.70 
DigsD 
ee) 
eee 
D.o 
es, 
See) 
D.> 
6.8 
2.4 
19.5 
20.0 
28.3 
22700 
2040 
ZOU 
29.0 


continued 


OF 0916 
0.078 
0.061 
0.046 
0.046 
0.061 
0.067 
On107:0 
0.078 
0.089 
Ori0-919 
On 106 
0.114 
08 220 
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0.0090 
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0.0055 
02 0055 
0.0062 
00:0 7:3 
0.0080 


2..y, 
2.07 
Loe, 
1.94 
2.05 
2.426 
2.48 
229 
2 sic? 
B29 
3.66 
B92 
4.22 
4.44 
2.0 0 
2.08 
2.64 
3.08 
2.08 
B'..90 
4.29 
7.90 
i. 86 
AAS) 
1.68 
06 
i. o4 
1.80 
Zee 
2502 


22 
30 
30 
30 
30 
28 
28 
30 
30 
40 
60 
60 
70 
80 
2D 
20 
30 
30 
50 
60 
70 
40 
40 
40 
40 
40 
40 
40 
40 
40 


( continued: ene) 


a a ee ee a ea ei a 


212 


acs 


a ad 4 


; Ot 
Gf 
iE 

: O€ 
BS 

4. : 
Of 
ja 
OT 
0s 

+ cs 

+ 04 
GE 

- Ok 

+ Be 

> ig 

4 nt 

rt 

r a 4 

+ va 
ty i 

4 oS 
+ OF 
+ ws 
; 0b 
+ Oh 


(iv. .bepnetnoo 


_ 4 . 
bt) Ay a 


— 


ei a ai aaa 


Kesrntinos trie 


a0 ,0 
ao 


£20..0-. 


380.0 
ah0,9 
/530,6 
180.0 
erg.o 
ero.d 
ser, 6 
ee0.g 
aob.9 
ofe.6 
ost, o 
5826.0 
Etre .0 
gt0.0 
WG .G 
250 i} 
econ 
a 
870.0 
O16 30 
ego .0 


aheo 6. 


en OD. 
t evo «9 


©390.0° 


ono’ 


| 2a.8 


ange 
af.s 
Es «Eve 
i.d 8 
bib me 
ov .e 
ore: 
Or.e 
Ov. ae 
ot. & ius 
Ove 
or.€ 
OCsE oat 
one * ta 
7 


tapies DLI-5 


BIS. 2 
1I5%..5 
16. 1 
Ease. 7 
me. 3 
oo. 5 
290.5 
0... o 
eo 2). Le 
S16. 
293.2 
moo. 7 
188.0 
137..5 
nS 7. O 
16 6). 1. 
184.0 
£e2.5 
3.0. 0 
73.0 
As 5 
2 70'.:0 
POO.) 2 
eo O 
Ls pie 
1S 67.5 
say) 
27.0 


257 0 
a. 0 
36.0 
47 
61 
61 
61 
all 
61 
61 
61 
76 
Re, 
84 
86 
89 
94 
= | 
O02 
LOS 
09 
6 
L27 
134 
Lo 
145 
147 
IE ey 


Om Ogos a. UO 


continued 


0.0088 
0.0094 
0.0042 
0.0034 
0.0054 
O0059 
0.0069 
Os. OO 7D 
0.0080 
070092 
0.0090 
0.0154 
0, 0203 
00263 
00295 
07.0530 
Oe 050 

0.064 

0.074 

02,072 

0.068 

OFOST5 
0, 0363 
0.0290 
Or O27 
0.0268 
0.0268 
OrnO263 


Om & & B&B WH WwW FP F DN ND 
fop) 
(eo) 


Cheley 
38.2 
Siok) 
39.4 
Ce i 


(oe) Wey “ey fo} We) Ne) ies) i} tes) fos) Me 
e 


( continued... 


-) 


+ + + + + + + + + + + + OF 


aes 


££ 


8 


(ess. Beumidnog!) 


Y 
ue 


' PFS9.0 


# 
2: 
> 


vO50.0 


oe ‘ 
2960.9 me CS 0.08L 
— ao ret hey an 


214 


Table III-5 continued 


mere > © SG 0.0284 44 9 - 
O96) 0.0310 50 9 = 
BOO,.S 167 0.0340 Sie) 9 - 

OO e4:- L71 0.0590 67 9 - 


a. The results in this table appear in the same order 
as the figures. They are given in order of increasing 
density. 
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B. Cation Mobilities 


In this section the cation results are presented as 
plots of the mobility pp, against the density normalized 
field strength in Townsends (Td = 10721 m“V/molec). 

Ion mobilities are typically four to five orders of 
magnitude smaller than the electron mobilities. The ions 
are the slowest charge carriers in the system. The 
electrons are swept out of the system before the cations 
have drifted appreciably. 

The exact identity of the ions is not known. Chemical 
reactions involving electron irradiated methane have been 
studied by mass spectrometry usually at low gas densities 
compared to those used in this work. 299-203) the ionization 
process in methane leads mainly to CH,+t and CH3*%. These 
ions react with CH4g according to the fast bimolecular 


processes 
Char + CH, 2 CH,” + CH3 TIt-1l 
CH3* + CHg 2 Cols” + Hg Dil=2 


The rate constants of these reactions are of the order of 
10715 molec/m3 at about 7 torr and 295K.294 the lifetimes 


of CH, and CH,7 at the lowest density of CH, in the 


; -10 : 
present work would then be approximately 10 s. In this 
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work the typical drift times were us to ms. Therefore 
these ions could not be observed. The CHa” and CoHs* ions 
produced by reactions III-l1 and III-2 can cluster with 
methane. The position of the clustering equilibria depends 
on the temperature and density. The ions in the present 
study are thought to be polymeric. 

Measurements were made of the ion mobilities in all 
compounds as a function of density in the saturated vapor 
and liquid phases and as a function of temperature in the 
Qas along selected isochores, except for CH3D where no 
measurements in the liquid phase were made. The’ 71o0n 
mobilities were measured as a function of the applied 
erectric field strength. In no case was any field effect 
found. It has been found293 that the mobilities of both 
CH,t and CoHs* are field independent up to E/n ~ 70 Td, and 
they increase above this threshold value. In the present 
work the highest field used for CHyg was about 1 Td. 

The results are presented in order of increasing 
density. Data in CHy are given first followed by CH3D, 


CHyD5, CHD3 and CDy- A table summarizing the results is 


given at the end of each subsection. 
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1. CHy 


In Figure III-1-20 is shown the effect of raising the 
temperature from 116.5K to 494K at n = 2.95 x 102° 
molec/m?>. The mobility increases from 1.38 x 1074 m2/Vs to 
o032.x 10-4 m2/Vs. It was impossible to measure a value of 
the ion mobility at higher temperatures because the voltage 
vs. time traces became nonlinear. The, electron} traces’: at 
the same temperatures were linear. 

The ion mobility decreases upon increasing the density 
of the saturated vapor. Figure III-1-21 shows the effect 
of an increase in density by a factor of 2.8. The mobility 
decreases by approximately the same factor. On raising the 
temperature from 152.0 to 292.3K at n = 5.5 x 1026 molec/m? 
the mobility increases from 6.4 x 10-© m2/vs to 9.5 x 1076 
m2/Vs (Figure III-1-22). A further increase in density of 
eae)saturated vapor by a factor of 3.9 (Figure III-1-23) 


produces a decrease in mobility by about the same factor. 


Heating the gas at n = 29.0 x 102© molec/m? and 
io = 61! x 1026 molec/m? (Figures III-1-24 and 25) causes 
the mobility to increase. At the lower density the 


(3.4%) change in 


mobility increases by 12% for a 6.5K 


temperature. At the higher density, n, = 61 x 


molec/m?, the mobility increases by 9% for a IK COGS? ) 


change in temperature. In the liquid (Figure III-1-26) the 


mobility decreases monotonically with increasing density. 
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Figure III-1-26. Ion mobilities in liquid CH, at 
different densities ( to TOLee Ae ) and temperatures (K) 
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A factor of 2 increase in density causes the mobility to 
decrease by a factor of 6.2. 

All the gas phase results were obtained in high 
pressure gas type cells except those in Figure III-1-20 
which were obtained in low pressure cells. Electrode 
separations were OF315 =: 0.005 cm_-= and 1.004 cm 
respectively. Liquid data were obtained in liquid type 
high pressure conductance cells. The electrode separations 
meres o.3207 0.0019°cm. A listing of the mobilities at the 
different temperatures and densities is given in Table 
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Summary of Ion Results for CH, 
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Table III-6 continued 


160.0 126 0.0050 673 
146.5 137 0.00415 Dieu, 
3.5 IFS 5) O00257 SO. 
104.5 162 0.00176 2 Oo 
200 170 0.00120 2.04 


a. The results in this table appear in the same order 
of appearance as the figures. They are given in order 
of increasing density. 
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In Figure III-2-20 are shown measurements in the 
saturated vapor. The ion mobility decreases with 
density. An increase in density by 70% causes the mobility 
to drop by approximately the same factor. An increase in 
temperature at constant density causes the ion mobility to 
increase. Figure III-2-21 shows the effect of raising the 
temperature from 108.2K to 535K at n = 2.35 x 102° 
molec/m?. The mobility increases from 1.63 x 1074 m2/Vs ce 
3.00 x 1074 m2/Vs. As previously observed in CHyg the ion 
Signals became nonlinear at higher temperatures and it was 
not possible to determine a mobility. At the same 
temperatures the electron traces were linear. An increase 
Bapedensity of the saturated vapor by a factor of 6.5 
(Figure III-2-22) has the effect of decreasing the mobility 
by about the same factor. 

Raising the temperature from 153.9K to 293.0K at 
n = 6.7 x 102© molec/m? (Figure III-2-23) increases the 
mobility by about . 70%. The same temperature change 
increased the mobility by only about 20% at the lowest 
density. A further increase in density of the saturated 


vapor (Figure III-2-24) causes the mobility to decrease as 


approximately the inverse density. In Figures III-2-25 and 


III-2-26 the effect of raising the temperature from 171.0K 


me10.0K “at n = 1.50 x 1027 molee/m? and from 190.0K to 
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Figure III-2-20. Ion mobilities in saturated CHD 


ee ons) 3 
Vapor atsoitierent dencitaes, (010 molec/m™  ) and 


temperatures (K). O, 1.06, 91.9;L),1.78, 96.7. 


pe ae 
ets Se a 
=_— 7 : 
a Dead ait an 
tet : ; ; ‘ : oo i 
! : ’ y 
; a 
= 
[a a 
“it : - 
; : 
my - 
i 
: ¥ nabs 
e 


both ta ee _ LD. 
OEE GARE Pate 6S SOS, 8 bee 


. a) ¢eae 25 


7 


Gus bo gp3 1a, tcl Seer pr. A ia 


bas 4 pin eae ae Dy aie doatarach #6 segny - i. 
4' (som ie a . 
ee! (3 
weoegl 
‘ ~ yi avewaa 
ora! “Lain 
y pee) al H wl ‘nin - oe 
, Teta a dl ee a ras, 


ot - 
fiz ‘oan 
? 7 7 7 


Ve 


& 


a 


H lo-t m2 / Vs ) 


230 


3 
ays 
eae 
$— 4 fS_ me P as 
c X—K-K—KX—X-X 
Or OAQTEOX OX 
10! | 10 
ey AgU AC IG hy: 


Rioure JLideagsod 8 lon mobliitres. in CHD gas at 
noe 2), 358k some molec/m= and different tempera- 
tures (K). ©, 108.2; X, 146.3; T 185.5; 

DG 2G KS, 298 G7? Ye 7 SS Tee ee oo oe 
Aity'soaas On 4s5e E474, 9@n 504 es. 


rh . 
( bY 1 ie 


te ened. As , ieee So/STkt wight 


-susemet ‘sodyeRt Gee 
Per a ae 80: 
ee iii , x Wes RO Oe 

aoa ee A PF gey ,O i2.p0p Ae i We fg 


> 

~ ql 
as 10 tof-t$ 4 
+ ETT NOOXKDOX 
° ppb gk BEE ER 
+ 

p= i 


10° 
Wore, 6. ore | 10 
E/Net ta) 


PIGunee lisse 226 lon Mobilities “Ini 'sardrated CHD 
vapor at different densities ( foe moleeyn ) 
and temperatures (kK). EaPe Ong, PUES Oe dhe ar 
PIANO LA A12 00). 129), 5: oF 7 98 vp LG be aoe 


HAD oe a 4e 300142677 4 Ce oon i; Waetcy iene 


: Aw 7 oe ty 
wide Pi ; 7 
aa: ee 


eT oF at ee a ee ek ~ 


a 
q 


Paes 7 : Soy 
haem Stipe 


1 


( BT Ye ce 


© 


se? Chests ene sss <7 G 
A “at\ae feat ‘ho: tpl east észotiib te togay. oy 
aaeti ound Sebilee WEEP. cen #etuteteqnad ns 

ORE , % 92,020 SE y 4 7RSS .00.5 « OyOease 
daget oie, F sé, aut ous 3 pPeESEOC.D yoo eOlERE 


ay. ath 
; “or ht ee 
- ~~ 
au f 
é, eit ; 
< _ +f en ' : 
* * 
- ; erate at ey 


( 1078 m2 7 vs ) 


ae 


EV ae tdeo 


Paigure lila 2-23.10n. mobllities in CHD gas at 


Ne iseul.i/T x Were 3 noleose and different temperatures 


(KG wit5aioenO sold pseel: 1279 eter oe ce 


Bes 


as ms aor Coane ea SC eas 


te 
ed 
3 
~ 
a 
i) 
oF 


Pv &) pel aie) 148 
aniuen ges oe bas. 


~OeBE Se iN » 28. Shh oa 


Ce. Fei a 
pc ueaP 


Pee: 


i 
Vy 
— 


233 


AS) 


y( 107° m2 / Vs ) 


10° 10! 1 


E/T eal cne) 


Figuvrerd li=2-24. elonemobilities in saturated CHD 


aa 6 
vapor at different densities ( fig molec/m* ) and 


temperatures (x). OJ, 7.6, 155.0; O, 10.7, 163.0; 


NEY 2720p 184.22) 


ess ' | iy ; _ ir 
: 7 =a . i is 
_ “ 
—— r wy 
| 3 
| 7 om ¢ie | 
") ~-O— 3-Q-O6—. 7) oa) 


te Ber 


eT 
Ve 


Ui rae 
ss irda Saal Faebiierncs” 
bas ( “n@elhie. Se) Ne ine Siiecoval oa ddgey 
a.d0n tion OO foveet wah | A ay woxdsepegine?: - 
7 6.605 0,08 4S” 


od 


234 


n-oon4-oo-9-m 


O-0O0-0-00-9D 
A—AAAAAA—-A 


tab ty 


YY ¥y-¥-Y 


ut 107° m@ 7 Vs ) 


10°¢ 10} 1 10 


B/G id) 


Pigure, Iib-2225. 10n mobilities in CHD gas at 


m = 1 650, x 107? oes ie and different temperatures 


(Ryo Y 4. P7004 G1 76.0; “AA POU 0 Oa cue 


Ele wae, 


od ‘F one 
= re 
5 ts U : 
ig A 


— ee ee oe 
6 


pho By 
aude Shmin i aaad a 
| S x 
| 
bine See S.C wwe ey eee Mi 5 
Of t > VA 5 OLie: 


BT AAT 7H 


90 exp G 8D ne 2 abt 2 Cedi ato REnSuLEk guapeity 
asxesersqtiot noid asm Maabids a: 2 0F.L =n) 
doc ,O :0,0er  @eabyahe ) + 40.208) ta 
9.018 


235 


—s 
r 
—s* 


H ,( 1075 m2 LSS) 


E/T = hae) 


Figure, TIl-2-26. Ton mobilities .in CHD gas at 
Nea 2.70 ix heres molec/m™ and different temperatures 


pe lar POO Gea) enlOO Os a2 Noy oem 


COT 2. nla 


36 4q2 Cy alg eek I cisebeecminaaine segue sin 
atta Ss SSamies srsauatel ‘ee wset on YSg4 a:O0e8 a | ee : 
8 idee ie eer O'0 Be shill 7 


195.2K at n = 2.70 x 1027 molec/m? is illustrated. At the 
lower density the mobility increases by 45% for a 39K 
temperature increase. At the higher density the mobility 
increases by 10% for a 5K temperature increase. 

All these measurements were performed in gas type high 
pressure conductance cells except those reported in Figures 
III-2-20 and III-2-21 which were obtained in low pressure 
cells. The electrode separations were 0.314 + 0.004 cm and 
0.999 + 0.001 cm respectively. A listing of the mobility 
values at the different temperatures and densities is given 


Sn able ILI-7. 
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Summary of Ion Results for CH 
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TABLE III-7 
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1.75 cel 
1.63 3,83 
1.95 4.58 
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2085 5.5 
Dey BraG 
2.46 5.8 
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2.56 6.0 
226.3 6.2 
2200 are 
2.85 6.7 
3.00 7.1 
Ouea4 2.79 
apebee 2.68 
0.144 2.88 
0.087 2.71 
05073 2.88 
0.068 2.92 
0.056 2.69 
0.050 2.90 
0.042 2.81 
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Table III-7 continued 
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o>'.0 he 0 0.0383 291 
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DEA. S2 27 +0 O'F0102 2551 5 
tek gO seen O22 Si 
76 ..0 a. 0 O20 232 3.48 
0°. 0 rote 0.0274 AL 
ZOI002 ES $0 0.0290 4.35 
20 }..0 TSN, 0.0308 4.62 
50-0 2/0 0.0102 22015 
Je PAP) 2h) 0.0109 2.94 
295 .'2 27 0 OLOLLZ 302 
@. The results appear in this table in the same order 


of appearance as the figures. They are given in order 


of increasing density. 
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In Figure III-3-17 the effect of raising the 
temperature from 133.0K to 450K at n = 3.7 x 102° molec/m? 
is reported. The ion mobility increases from 1.30 x 1074 
m2/Vs to 1.78 x 1074 m2/Vs. The rate of increase of the 
mobility with temperature is greater at low temperatures 
than at high temperatures. 

Mes same effect can be noticed yby raisings the 
memperature from 113,0K to 408.5K at n = 6.1 x 102° 
molec/m? (Figure III-3-18). The mobility increases by 483% 
On going from 113.0K to 225.5K and at higher temperature it 
tends to level off. 

In the saturated vapor (Figure III-3-19) the mobility 
decreases with increasing density. An increase in density 
by a factor of about 20 causes a decrease in mobility by 
Beout the same factor. In Figures I1I-3-20 to I1I-3-22 the 
effect of temperature at three different densities is 
illustrated. Riest SaaS. X 1026 molec/m? the mobility 
increases by 65% on raising the temperature from 155.7K to 
292.0K. At n = 26 x 1026 molec/m? an increase in 
temperature from 184.2K to 195.5K causes the mobility to 
increase by 27%. Heating the supercritical gas, 
Be 61 x 1026 molec/m?, from 190.5K to 193.9K increases 
the mobility by 21%. The rate of change of the mobility 


with temperature increases with increasing density. 
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In the liquid (Figures III-3-23 and III-3-24) the 
mobility decreases monotonically with density. A change in 
density by a factor of about 2 produces a decrease in 
Beewiity by a factor of 5.3. 

Data in Figures III-3-17 and III-3-18 were obtained in 
low pressure type conductance cells. The electrode 


separations were 1.004 + 0.001 cm. All the other gas phase 


results were obtained in high pressure gas type cells. The 
electrode separations were 0.310 + 0.002 cm. Liquid data 
were obtained in liquid type high pressure cells. The 


electrode separations were 0.328 + 0.001 cm. 
Pea iieting fof the mobilities cat. jethe si diftlerenc 


temperatures and densities is given in Table III-8. 
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Summary of Ion Result for GHD 
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Table III-8 continued 
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a. The results appear in this table in the same order 


as the figures. They are given in order of increasing 


density. 


bs eunes= 
Cc 


6th xeho 


up 


MEtectan” 


= 189.2K. 
Cc 


250 


2, Var 
7 Wats . 
7 
‘ 
~~ Beart ites 


- Fale. eere.0 ee 


spit P1000 o.35 
aoe FEIG.0 -_ ."Q.88 710m 
“a as20.0 
02.2 $£.10.0. 9,35 
ase? £400.0 
aoib 290.0 
Hae  SEROO..0 
Pees sV00,0 
e.9 cr0d:.0 
2.3 evov.0 7 
0.2 2909 ..9 1) ae 
SH oad0.0 REL 
6.3 £g00.0 - 
sie, aepon.g | | 
eb $bL00,0 spt 
ahh ORSg9.0 gag 
ave FELIG .0 gar 4 
tote sesco.0 Gan. ae 
2ete ae100.0 ear” 


tsbr0 vies ats ni oldie aiid ok sasqqs, ee 
pobesa¥out 12Ge bet aia “ont one a6” 


RE EBL a be y! Wiicotes VSg x Les a 04 


In Figure III-4-20 is reported the effect of 
increasing the density of the’ saturated vapor from 
1.30 x 102° molec/m? to 1.56 x 1025 molec/m?. The mobility 
@ecreases by a factor of about 27%. By raising the 
temperature from 102.0K to 568.7K at n = 2.30 x 102° 
molec/m? (Figure III-4-21) the mobility increases from 
1.46 x 1074 m2/vs to 3.19 x 1074 m?/Vs. The rate of change 
Of the mobility with temperature is greatest at 
temperatures near the coexistence curve. The same effects 
are noticeable at a density higher by approximately a 
factor of 2 (Figure III-4-22). The mobility increases from 
7.9 x 107° m2*/vs to 1.50 x 107% m?/vs on raising the 
temperature from 106.6K to 434K. Again, the temperature 
change has more effect on the ion mobility at low 
temperatures than at high ones. 

In the saturated vapor (Figure III-4-23) the mobility 
decreases as the inverse density. In Figure III-4-24 the 
effect of heating the gas from 136.0K to 293.7K at 
n = 1.22 x 1026 molec/m? is -illustrated. The mobility 
increases with temperature by 24% between 136.O0K and 186.0K 
and by only 4% between 236.3K and 293./7K. in Figure 


III-4-25 is shown the effect of increasing the density of 


the saturated vapor by a factor of about 3. The modality 


decreases by about the same factor. 
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Heating the gas at n = 6.8 x 1026 molec/m? (Figure 
III-4-26) has the effect of increasing the mobility. The 
effect is more noticeable at low temperatures, whereas at 
high temperatures the mobility tends to level off. A 
further increase in density of the saturated vapor (Figure 
III-4-27) has the same effect observed at lower 
densities. The mobility decreases as the inverse density. 

In Figures III-4-28 and III-4-29 are reported the 
temperature effects on the mobility at two densities 
Mieferent by, a factor of about 3. In both cases the 
mobility increases with temperature and the temperature 
effect is more noticeable at temperatures near _ the 
coexistence curve. However at n = 9.3 x 102 molec/m? the 
mobility increases by 27% for a 25K temperature change near 
the saturation curve whereas at n = 29.1 x 1026 molec/m? an 
increase in temperature of only about 10K increases the 


mobility by 31%. An increase in density of the saturated 


vapor to about half the critical density (Figure III-4-30)_ 


causes the mobility to decrease in inverse ratio. At the 
critical density (Figure III-4-31) an increase’ in 
temperature of 3.5K produces an increase in mobility of 
about 40%. Increasing the density of the liguid (Figures 


IV-4-32 and 335) causes the mobility to decrease 


monotonically with density. It drops by a factor Of5.7) on 


raising the density by a factor of 1.9. 
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Data in Figures III-4-20 to 24 were obtained in low 


pressure conductance cells. The electrode separations were 


weeoe8) + 0.001. cm. All other gas phase results were 
obtained in high pressure gas type cells. The electrode 
separations were 0.315 + 0.005 cm. Liquid data were 


obtained in high pressure liquid type cells. The electrode 
separations were 0.320 + 0.001 cm. A alisting of the 
mobilities at the different temperatures and densities is 


given in Table III-9. 
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In Figure III-5-17 is shown the effect of raising the 
Pemperature from 95.0K. to 535.5K at n = 2/50 x 102% 
molec/m?. The mobility increases by a greater factor at 
low temperatures than at high temperatures. The ion traces 
showed a pronounced curvature at T > 550K. 

In the coexistent vapor an increase in density (Figure 
III-5-18) leads to a decrease of the mobility. On going 
from 1.50 x 102° molec/m? to 5.0 x 102° molec/m? the 
mobility decreases from 2.00 x 1074 m/Vs Bot 861 xl Owe 
m2/Vs. At n = 3.2 x 102° molec/m? and 5.0 x 102° molec/m? 
(Figures III-5-19 to 21) an increase in temperature leads 
to an increase in mobility. Again a marked curvature in 
tne voltage vs time traces was observed . at high 
temperatures. The corresponding electron current decays 
were linear. In Figure III-5-22 the effect of increasing 
the density of the saturated vapor from 1.25 x 102° 


molec/m? to 3.22 x 102° molec/m? is illustrated. The ion 


26 
Mobility decreases ébywayGactoz, of (2.5. “At n= 383-70 4x5 10 


molec/m? (Figure III-5-23) raising the temperature from 
138.4K to 175.5K produces an increase in mobility of about 


30%. Heating the gas from 385K to 433K increases the 


mobility by only 3%. 
In Figure III-5-24 are reported measurements in the 


3 
Saturated vapor between 4.21 and 6.8 (102© molec/m?). The 


mobility decreases by 65%. Heating the gas at 
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n = 5.5 x 1026 molec/m? between 146.5K and 397.0K (Figure 
III-5-25) has the effect of increasing the mobility by 
85%. However the rate of increase is about 27% between 
146.5K and 181.5K and approximately 1% between 341K and 
B97K. An increase in density of the saturated vapor to 
about half the critical density (Figure III-5-26) has the 
same effect previously observed. The mobility decreases 
with the inverse ratio of the density. Heating the gas at 


n = 29 x 1026 molec/m? and n. = 61 x 1026 molec/m? (Figures 


e 
III-5-27 and 28) has the same effect in both cases. The 
mobility increases with temperature. However the increase 
at the lower density is 22% on going from 182.7 to 188.7K 
whereas at the higher density it is about 50% as the 
temperature is raised from 189.3K to 193.0OK. 

In the liquid phase (Figures III-5-29 and 30) the 
mobility decreases with increasing density. A change in 


density by a factor of about 2 produces a drop in mobility 


myea factor Of 5.7). 


Data contained in Figures III-5-17 to III-5-21 were 


obtained in low pressure type conductance cells. The 


electrode separations were 1.000 + 0.002 cm. All the other 


gas phase results were obtained in high pressure gas type 


cells. The electrode separations were 0.315 + 0.005 cm. 


Liquid data were obtained in high pressure liquid type 


cells. The electrode separations were 0.319 + O..002 cm. A 


listing of the mobility values at the different 


temperatures and densities is reported in Table LiT=10; 
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Figure III-5-26. Ion mobilities in saturated CD, 


vapor at different densities ( mete molec/m> ) and 
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CHAPTER IV 


DISCUSSION 
A. Electrons 


The effects of electric field strength and temperature 
on the electron mobility were investigated as functions of 
density in the region between the dilute gas and the dense 
liguid. 

Simple gas theory suggests that the mobility of a 
Charged particle in a medium at density n and in the 
presence of an electric field E should ‘be inversely 
Proportional to n. The mobility is a measure of the 
maximum velocity attained by the particle under the 
acceleration by the electric field between collisions with 
the molecules. The maximum velocity depends on the length 
of time that the particle is accelerated by the field, that 
is the time between collisions. This time is inversely 
proportional to the density. It follows that the mobility 
is inversely proportional to n and the density normalized 


mobility (low field Trmre) np*“shovld “be=~idéensicty 


independent. 


In Figure IV-1 is reported the density variation of 


the density normalized mobility (low field) pai nmcl await 
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Figure IV-1. Density dependence of the density 
normalized electron mobility (low field) in the 
coexistent vapor (J) and liquid (A) phases 

Ort CH, - O represents the slightly supercritical 
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the vapor and liquid phases along the coexistence curve. 
The density normalized mobility is indeed density 
independent up to n ~ 3 x 102© molec/m?. At higher 
densities deviations from ideality are observed. 


The discussion of the results will be divided into 


Eacee) sections according to density. The first section 
will contain results in the low density gas 
Poynia <) 0.05). The, ~second,, will centain. results sini sthe 


dense gas (0.05 < n/n, < 1). Finally the behavior in the 
liquid phase will be examined. In each section the effect 
Somerectericnfield will be examined | first in,CH, and then 
compared to that in the deuterated compounds. Then the 
temperature and density veneers will be discussed in CHy 


and compared to the other compounds. 
1. Low Density Gas (n/n, <9 0.105) 
aaekectricy,Field, Effect 

i) CH, 


The electron mobility in CH, gas at densities between 
Zo 5i48 (102° molec/m?) and temperatures near_ the 


Saturation curve is field independent up to B/ e020 25a 


(Table III-1). Above this threshold value the mobility 


increases with increasing field. The’ valtte.” of) the 
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threshold field increases with temperature (Figure 
III-1-18). The drift velocity at (E/n)yy, is usually 
compared to the speed Of low frequency sound 
ieee or 3 205-209 In Figure IV-2 are reported data in 
Buaegas at n= 5.3 x 102° molec/m? and T = 293.5K as a plot 
Beyethe drift velocity va against E/n. In (this case 
measurements were taken at field strengths UD. eo 
E/n ~ 8 Td. The drift velocity reaches a saturation value 
of approximately 1 x 10° m/s at E/n ~ 4 Td. If elastic 
collisions were the dominating process in moderating the 
electron energy the ratio (v5 yc. would be about 
unity. 129,126 Increased inelastic contributions would 
increase this ratio.°4 Drift velocities at the threshold 
fields were estimated from vg vs E/n plots. Speeds of 
sound were taken from Reference 196. The ratios (vee ye. 
at the different temperatures in CH, at two different 
densities are shown in Figure IV-3. The ratio) is close to 
unity at low temperatures but it increases with temperature 
indicating that inelastic losses are unimportant near the 
saturation curve but appreciably contribute in moderating 
the electron energy at higher temperatures. 


In Figure IV-4 are shown the Maxwellian energy 


distribution functions 


P(e) = (2nel/2)/(nkt)3/2 exp (-e/kT) Iv-1 
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Rigure Jl V=2.. Blectson driftr velocities Va in CH, 
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Bagure IV-4. Maxwellianselectron, energy) drstribumions 


F(e€) at 110K and 640K. The curve at 110K has been 
divided by 10. Values of Cea. in CH, gas at 
the different average electron energies €=1.5kT 


from Figure IV-3 are reported for comparison. The 


arrows indicate the two lowest vibrational energies 


on CH,- 
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at the lowest temperature used, T oT LlOK@ rand "at Stire 
highest, T w~ 640K. The same points of Figure IV-3 are 
reported ~ for ~ ‘comparison: The temperatures have been 
converted to average energies « = 1.5 kt. Possible 
Channels for inelastic losses are excitations of rotational 
and vibrational motions. The dipole moment of methane is 
only 5.4 x 1076 p83 and, since the molecular 
polarizability in gas phase is essentially isotropic, the 
excitation of rotations by the electron is improbable. 
Methane has four fundamental vibrational frequencies!?? at 
Pen =""1306) cme** (O82 Meu), yoi=" 1526! “ems? (0. 189% fey), 
vy = 2914 cm™! (0.361 ev) and v3 = 3020 cm! (0.374 ev). 
From Figure IV-4 it can be seen that at the highest 
temperature there is an appreciable fraction of electrons 
wat Penergy sufficient *toMexcite” at* least**the™ first “two 
vibrations. At the lowest temperature, on the other hand, 
the distribution has already appreciably dropped before the 
first vibrational threshold energy has been reached. The 


fraction of electrons, gq, with a given energy, ec, at 


temperature T can be estimated from 


exp (-e/kT) 
gq = 5 / IV-2 
1 - exp(-e/kT) 
Neing «= 0.162 eV, the lowest methane vibrational energy, 
the value of this fraction is 3.8 x 10-8 at T = 110K and 


5.6 x 1072 at T = 640K. 
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A similar temperature dependence of (vghBE ) hess has 
been found in gaseous ethane? where at n = 6.8 x 102° 
molec/m? the ratio increased from 2.5 at T = 197K to 7.9 at 


T.= 326K. 
ii) Deuterated Methanes 


In Figures III-2-4 , III-3-6, III-4-7 and III-5-7 are 
shown the values of (E/n)Gt as functions of temperature in 
the gases CH3D, CHoDo5, CHD3 and CD4. These plots are very 
mommelan to, thaterfor-» CH, »(Pigure! -J1I-1p18): Within 
experimental scatter the values of the drift velocities at 
the threshold fields are the same in all compounds. It was 
shown in the previous subsection that in CH, the excitation 
of vibrational modes is responsible for the increase in the 
value of bre OS) hay with temperature. The difference in 
vibrational energy levels between CH, and CDy4 is equal to 
the square root of the reduced masses, ~35%. Vibrational 
levels in CDyg are 35% lower than those in GHjgne 2 The 
speed of sound is proportional to the square root of the 


molecular mass M 


kT 
m yi/2 Iv-3 


where y is the heat capacity ratio. The speed of sound in 


CD, is ~12% lower than that in CHg- The estimated values 
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of the drift velocity at the threshold fields are not 
reliable to less than about 15%, therefore it is concluded 
that the contribution of inelastic losses is about the same 


in all compounds. 


Ds pemperature Effect 
3) CHy 


A plot of the density normalized low field mobility np 
against the temperature at low gas densities is given in 
Bagure IV-5. In this region the value of the low field 
mobility is inversely proportional to the number density 
and increases with increasing temperature. The temperature 
variation “of the low, field mobility, ‘normalized jy -the 
density, can be used to extract the energy dependence of 
the electron-molecule momentum transfer cross section Bn eae 


By assuming a Maxwellian distribution of electron 


velocities 


o = (m/2nkr)3/? exp (-mv* /2kT) Iv-4 


Equation I-9 can be written as 


© S. 
2 
np = (8n2e/3m) (m/2nkT)°/? | — exp (-mv~ /2kT)dv IV-5 
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where e, m, and v are, respectively, the electron charge, 
mass and velocity, k is Boltzmann's constant and T is the 
temperature. 

The energy dependence of the momentum transfer cross 
section o,, was obtained by matching the experimental (nu,T) 
sets to calculated values obtained by numerical integration 
Of Equation IV-5. A trial cross section as a function of 
energy « or velocity v (ce = mv*/2) was chosen and adjusted 
until the agreement between calculated and experimental 
values was considered satisfactory. In Figure IV-6A the 
solid line represents the result of this procedure. 
Earlier results?2:4°'48 are shown for comparison. The line 
in Figure IV-5 was calculated by using the extracted cross 
section. The average deviation between calculated and 
experimental values was 1.1% for all densities ranging from 
0.38 at n = 7.5 x 1025 molec/m? to 1.9% at n = 5.3 x 102° 
molec/m>. The region of greatest sensitivity in the 
fitting procedure is that near the maximum of the integrand 
in Equation IV-5. The functions f(e) in Figure IV-6B 
show the percent of the integral in the equation that has 
been contributed by electrons in the swarm with energies up 
EO. 6. These functions refer to the lowest temperature 
used, T = 110K, and to the highest, T = 636K. Electrons at 
energies between those corresponding to f(e)xl0 and 90 make 


the major contribution to transport of the swarm. At 


T = 110K this energy range is ~0.009 - 0.05 eV. At 


ih 636K it is ~0.05-0.25 eV. 
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Figure IV-6. A: Momentum transfer cross section oo 
of low density CH, gas as a function of energy e. 
The solid line represents results of the present 


Work, producingsthe solid linewinePiguremiy—o:. 


- - -,Reference 48; ©, Reference 42; O ,Reference 45. 
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percent of the integral in Equation IV-5 that has 


been contributed by electrons with energy up toe. 
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Taking an average cross section (assuming a Maxwellian 
distribution of electron velocities) equivalent to one that 


is independent of velocity leads to 
Gavel 7 sv) <V/ic.> IV-6 


The temperature variation of the average cross section 
calculated using the curve of Figure IV-6A is shown in 


Figure IV-7. 
ii) Deuterated Methanes 


In Figures IV-8 and IV-9 are shown the _ density 
normalized low field mobilities in the low density gases 
CH3D, CH5D5, CHD3 and CD, as functions of temperature. The 
lines have been calculated using the cross section vs. 
energy curve shown in Figure IV-6A. The agreement between 
experimental and calculated values is similar to that 
obtained for CHy- The average deviations over all 
Gengities were 1.2%; 1.2%, 0-9% and{1.2% for CHaDe CHoD5, 
CHD3 and CDgq, respectively. In this density and energy 


region there is no isotope effect. This is in agreement 


with what was found in a previous study of the system 


CT ase ew In these density and energy regions the 


scattering process is thought to be mainly elastic. The 


small differences in sizes between methane and _ the 
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deuterated compounds are too small to produce a detectable 


difference in scattering cross section. 


2. Dense Gas (0.05 < n/n, <1) 


_—_--s eee 


a. Electric Field Effect 


i) CH, 


On@ene ‘saturation heurve,..in the. region <6n > /3mx 1026 
molec/m?) where the density normalized mobility decreases 
with density (Figure IV-1), the value of the _ ratio 
(oa) /c, increases (Figure IV-10). At lower densities 
this ratio is constant at 1 implying predominantly elastic 
Seontributions. The decrease in ‘np at n 2.3 x 1026 molec/m? 


Pemmattriputed, to quasi¥ocalization of the, electrons by 


van der Waals clusters of molecules (see next 
subsection). This is an inelastic process which leads to 
an increase in (ae on. At T = 190K, the temperature 


corresponding to the highest gas density used in Figure 
IvV-10, the fraction q of electrons with an _= energy 


sufficient to excite isolated methane molecules to the 


. -5 
lowest excited vibrational level is 5.1 x LO oes The 


increase in (vee F) fax is therefore a density and not a 


temperature effect. 
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ii) Deuterated Methanes 


In Figures III-2-19, III-3-16, IITI-4-19, and III-5-16 
are shown plots of (E/n),,, against the number density in 
the saturated vapors CH3D, CH5Do, CHD3 and CD,. The 
behavior is the same as that observed in CHgy VE gure 
frt—i-19).*"In saturated CH, vapor the speed of sound goes 
through a maximum at T ~ 145K and n ~ 5 x 1026 molec/m?. 
It is reasonable to expect that the same will happen in the 
deuterated compounds whose experimental values were not 
founda in the Viterature. “The ratios (Varn) eo would then 
also increase with density in the isotopic molecules at 
densities higher than ~3 x 102© molec/m?. 

Pilots’ of “np vs. n (see Figures IV-13 to IV-16) also 
show that np decreases with density above n ~ 3 x 1026 
molec/m?. It is therefore concluded that the same 
inelastic process (quasilocalization) operating in CH, in 


this density region is important in the deuterated 


analogues as well. 


b. Temperature and Density Effects 
i) CHy 


The effect of density on np in the saturated vapor and 


liquid can be seen from Figure Iv-l. At low densities, 
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meee 3 xX 1026 molec/m?, the low field mobility decreases as 
the inverse density. In this region the density normalized 
mobility is density independent because multi-body effects 
are not important. The value of ny decreases as the 
density is further increased and reaches a minimum in the 
vicinity of the critical point. The sharp increase in np 
Been > 6.1 x 1027 molec/m? is due to conduction band 
formation. Results in} this region will je Pdiecuesed 
separately. 

In Figures IV-1l and IV-12 are reported Arrhenius 
plots of the thermal electron mobility (low field strength 
fimit) in CHa gas at different densities. At low densities 
the temperature coefficient of the mobility is related to 
the energy variation of the momentum transfer cross 
section. At higher densities the temperature coefficient 
of mobility increases superlinearly with density. 

The effect of increasing the density above 
n ~ 3 x 107© molec/m? in the saturated vapor is to decrease 
the value of np (Figure IV-1). In the same density region 
where np decreases with density and the temperature 
coefficient increases, the value of the quasifree electron 
mobility, ip, increases. +o At .nge2 fix 102© molec/m3 


quasilocalization of the electron in van der Waals clusters 


: 48,207 
of molecules is thought to occur. 


Gee and Freeman?® have shown that, by taking the low 


field values of mobility from Reference 46 as a measure of 
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Figure IV-1ll. Arrhenius plot of thermal electron 
mobilities (low field) in CH, gas at different 
densities (107? molec/m= ). Mobilities in the gas 


along the vapor-ligquid coexistence curve are 


represented by mes /2.95,; Zhi bieiet in755 
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Pigu vertival2 Arrhenius plot yormcie:mal electron 
mobilities (low field) in CH, gas at different 
densities ( nae” MOMee aie ). Mobilities in the gas 


along the vapor-liquid coexistence curve are 


represented bye Oe 5° Ae 2.9080 saat, n =6l. 
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Uo, the ratio of (np), at density n to the low density 


limit (nug)ig is (npg) n/ (npg) 14 = 1.05 at n = 3 x 1026 
fetiec/m, 1.25 at n = 11 x 1026 molec/m? and extrapolates 
eo 1 at ne =-6.7 ‘x 1027 molec/m*. 


The density normalized mobility for any values of T 


and n is 
nes et IV-7 


where f£ is the fraction of electrons in the quasifree 
state. In the dense gas the quasilocalization sites may be 


regarded as density fluctuations 
medium 3 site IV-8 


eof teste. > e gl Iv-9 


where e is the quasifree electron, Qe gl the quasi- 


“ae 


localized @lectron and "site" represents a density 


fluctuation of sufficient magnitude and breadth. 


The concentration of sites depends on the free energy 


Change of process IV-8. 


a 0 oS, 0 EO 
Pees sibel = exp[-AG9,/RT] = exp[AS°,/R - AH°,/RT] IV 


jlibri i as constant. 
where kg is the eguilibrium constant and R is g 
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The concentration of Caf can be written in terms of 


the equilibrium constant of process IV-9, Kg, as 


ie ene] (ets) | bese 
Le es = Se ee = esc BES, = es Oy Cm TV — Vi 
k [site] kgky k 
AG? As? AH 9 
Ky = exp[- oy = expL 20 oF IV-12 
eel R RT 


It follows then that the fraction of quasifree electrons, 


oe 1s 
Sckemgen iy eyed eee z 
f= 2 ee = {1 + geass } = {1 + [site]k'} 
2 eae bey! 
IV-13 
and 
QO: 01 
(np_) AS AH 
Oren l= k'! = exp ( = ) Iv-14 
ny R RT 
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Values of the temperature coefficient Ey at the 
different densities were calculated from Figure IV-12. 
They were E, = 1-5, 15 and 135 kJ/mol at n = 5.5, 29 and 
61 (1026 molec/m?) respectively. The present value at the 
critical density is considerably higher than that reported 
in Reference 48. The difference is attributed to the 
better temperature control that was achieved in the present 
study. For comparison the values obtained in the 


208 


Supercritical gases Ar and Xe297 were 18 and 130 kJ/mol 


respectively. 
ii) Deuterated Methanes 


In Figures IV-13 to IV-16 are reported plots of the 
density normalized low field mobility, np, against the 
density, n, in the saturated vapors and liquids CH3D, 
CH9D9, CHD3 and CDyg- The dashed line drawn in each plot in 
the vapor region represents values in CHy. 

In Figures IV-17 to IV-20 are shown Arrhenius plots at 
different vapor densities in the same compounds. The lower 
densities have been omitted because the Arrhenius model is 
not applicable. 


As for CHy, values of the temperature coefficient of 


mobility were calculated. They are given, together with 


those found in CHy, in Table IV-1 and Figure IV-21. 
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Figure, 1V=l37eDensity normaliZedweleetrongmo ptm cy 
(low field). against n for thermal electrons sin 
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Figure IV-14. Density normalized electron mobility 
(low field) for thermal electrons in coexistence 
vapor (ll)sand liquid (Z\) CH.D,. O represents the 


Supercritical fluid at ny and TQ. The dashed line 
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Figure, IV-15. Density normalized, mobilitzessagainst n 
(low field) for thermal electrons in coexistence 


vapor (CJ) ana iaquid C/N) GHD G) represents the 
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Supercritical fluid at ny and TO: The dashed line is 


ror CH, fron agure LV=). 
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Figure IV-16. Density normalized mobilities (low field) 
against n for thermal electrons in coexistence 

Vapor (li) and: liquid» ¢Z\) CD,. O represents the 
Supercritical fluid at ny and she + o.1K. The dashed 


Livers fox CH, from Figure IV-1. 
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Figure IV-17. Arrhenius plot of thermal electron 


mobility, (low £21e1d) <in CHD gas at different densities 
( Toes role ). Mobilities in the gas along the 


vapor-liquid coexistence curve are represented by Ae 
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Figure IV-18.Arrhenius plot of thermal electron 
mopDrlitres” (low Lrerd) in CHD. gas at different 
densities nose oreo Mobilities in the gas 
along the vapor-liquid coexistence curve are repre- 
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Buguue .LV~b9., Arshenius, plot of thermal electron 
mobilities «(low,field) an CHD, gas at different 
densities ( ios: Sine fae ). Mobilities in the gas 
along the vapor-liquid coexistence curve are repre- 


sented by D. O, 6.8; O, 9.3; + , 29.1; ¥,n_=61. 
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Figure IV-20. Arrhenius plot of thermal electron 
Mmobid1 ties (low field) ian CD, gas at different 
densities ( Oe molec/m~ ). Mobilities in the gas 


a.ong? the’ vapor-liquid coexistence curvesare Trepre— 


sented by U . O, 3.7; A, 5.5; + , 29.0; Y yn =61. 
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Figure IV-21. Density dependence of the temperature 


coefficient of mobility E in CH, (ie) es CHD Ceye 


+ 
CH,D. CNG CHD, (Vesa ana CD, (+) gases. 
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As mentioned earlier the temperature coefficient of 
mobility increases Superlinearly with density. At a given 


density the values of E. are the same for all compounds. 


¥ 
The energy of the quasilocalization sites has not been 
appreciably altered by the isotopic substitution. 

At the critical density, n, = 6.1 x 1027 molec/m3, the 
temperature coefficient is ~140 kJ/mol. Considering that a 
localization energy of kT is sufficient to produce the 
observed decrease in mobility on going from the low density 
to the high density gas, the average localization energy is 
taken to be =ADe 5 = AH®_9 ~kT ~ 2 kJ/mol. The remaining is 
attributed to -AH%Q. Thus, cin’ the critical .qas,menhe 
nw AH®g. 

From equation IV-14 it can be seen that a plot of 
Paveeni) | /aile- ly vs. l/T yields a line of! slope AH’ '/R 
and intercept at T72, = @) of ASM /R.- Values: of nye ative 
given density were estimated for all compounds using the 
low density np vs. T curve from Figure IV-5 and multiplying 
by (nuo)n/(nug)iq from Reference 46. The slopes and 


intercepts were calculated by a least square method. The 


results are tabulated in Table IV-l and displayed in 


Figures IV-22 and IV-23. As observed earlier, 48 the values 


of AS°' are approximately proportional to the structure 


factor of tne iflutd, S(O), which is «related (to) the 


magnitude of the density fluctuations. The density 


fluctuations are largest in the saturated vapor. The 
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Figure IV-22. Density dependence of the enthalpy 
of equilibrium IV-14, AH°' , in the gases 
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Figure IV-23. Density dependence of the entropy 
of equilibrium IV-14, AS°' , in the gases 
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extent of quasilocalization of the electron is therefore 
largest near the coexistence curve and decreases as the gas 
is heated at constant density. 

Differences between compounds in Table IvV-1 are 


attributed mainly to experimental scatter. 
ae iquid {1 < n/n, < 2.8) 
ee Electric Field Effect 


i) CHg and Deuterated Analogues 


In Figure IV-24 is reported the density variation of 
the threshold field for electron heating in the liquid and 
supercritical methanes. The density dependence of (E/n)a5,+ 
is similar in all compounds. Beginning at the high density 
end near the triple point, n= 17 x 1027 molec/m?, READ) 
remains constant at 9 mTd as n is decreased to 14 x 1027 
molec/m?, The threshold then decreases to ae shallow 
finimumleGt@-s mTd at 41 x 102’ molec/m?, then¥increages 
progressively rapidly as the density is decreased towards 
8.5 x 1027 molec/m?, where the field effect changes sign. 


The threshold fields in CHg appear to be ~15% lower, and 


2 i ted Figure 
those in CH»9Dg ~15% higher than those quote (Fig 


7 3 
IV-24). At densities <8.5 x 10 molec/m?, (E/n) py 


remains relatively constant at ~30 mTd, even in the fluid 


at n, and temperatures up Bom TA + 4k (Figure IV-24). 
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In liquid CH, at 101.5K (T/T, = 0.533) and 16.4 x 1027 
molec/m? (n/n, = 2.70) the electron drift velocity at the 
threshold field for electron heating is wg ie = 6200 m/s 
(Figures III-1-17 and Iv-24). This value is 24 times 
greater than that in the low density gas at n/n, = 0.0049 
and the same temperature (Figure III-1-1). The difference 
is consistent with the model of Schnydersl27a and Lekner!26 
and their co-workers, which is suitable for quasifree 
electrons in the heavier monoatomic liquids near their 
triple points. ?1 In this model the scattering cross 
section of the molecules is reduced by the long wavelength 
himite. of) the i structure, j\facton, §(0). The ratio of the 
threshold drift velocities at the low and high density 


limits might therefore be expected to pet 


thr 


thr 
a na/(Vq 


-l 
Vv ~ V-17 
( la S(O) Iv-1 


where21l9 


S(O) = nkT Xn IV-18 


where k is Boltzmann's constant and yp is the isothermal 
compressibility of the fluid. In liquid CH, at. 1 = 105K, 
With n= 16.4 x 1022(molec/m’mana suet. 68 ¥ 100° Paps: 
one has S(O) = 0.039. The predicted ratio of threshold 


drift velocities is 26 which agrees with the observed 24. 
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Mhe yaquantity [(vg'""), ./(vath®),318(O) sie, plotted 
against T/T, and n/n, in Figure IvV-25. The value is 
approximately unity, in agreement with Equation IV-17, for 
the dense liquid at n/n, > 2.2 and T/T, < 0.80. This range 
feecimiiar }to the "“normal| liquid") regime nV ge Sd trae 8 
postulated on the basis of electron mobility as a function 


of density .©9,208 


At lower densities, in the "low density 
liquid" regime, the above quantity increases due to the 
rapid increase of Xm The density fluctuations increase 
with Ym- In Section I it was mentioned that in the 
Critical fluid, where yp > &, it had seen’ predicted that 
electron localization would occur. 28 However, localization 
does not occur, >? because the effective electron-molecule 
interaction distance is much smaller than the correlation 
Hength “of lithew density, fluctuations in» ‘the We critical 
fluid.2tl The above quantity therefore increases rapidly 
as the critical region is approached (Figure IV-25). 

The theory can reproduce experimental results in 
213 


supercritical ethane“!? ana propane ifs ir Ls replaced: by 


the isentropic compressibility eos so. S(O): in Equation 


IV-17 was replaced by S(K) for the low density liquid 


regime, 132,139 


S(K) = kT/Mc,% = nkTyg Iv-19 
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Figure IV-25. Density and temperature dependences of the 
ratio of the threshold drift velocities in the dense fluids 
and low density gas normalized by S(K); hd refers to the 


coexistence liquid and the supercritical gas at nai ld refers 


to m=2_95x10- molec/m™ and the same temperature as hd.Open 


points,CH,; 
is an expansion of the critical region. 


filled points,CD,; slashed points,K=0.The insert 
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where M = molecular mass and co ="speed "or sound ging the 


fruid. 


Xg = 1/peg? = xp/y IV-20 


where p = fluid density and y = heat capacity ratio. The 
value of S(K) remains finite in the critical fluia.214 
Values of yg for liquid methane were obtained from 
Reference 214. Those for the supercritical gas at no wee 
calculated from the speed of sound in the critical fluid, 
obtained by a small interpolation between values for the 
Hear critical gas and liquia, 19 and adjusted to the 
appropriate Tits by comparison with measurements’ in 
2185 


eratical and «supercritical xenon. The value of 


ee / (va ) Ist is about 0.6 in the ‘normal Hliquid 


Set b/g 2 2. In the low density liquid the quantity 
increases with increasing density, reaching ~9 at 
n/n, aed (T/T A = 0.99), passes through a maximum and 
Mecreases towards wunity in; thergerifical fluid. The 


quantity increases again with increasing T in the 


supercritical fluid at™n,. The maximum coincides with the 


Change of sign of dp/dE (Figure IV-24). 
In Figure IV-26 is reported the variation of the ratio 
P7ee PS) /c with density in all liquids. Threshold drift 
fo) 


velocities were estimated from plots of vg against E/n. 


Speeds of sound in the liquid deuterio compounds were 
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calculated by reducing the CHy valuesl96 by the square root 
of the mass ratios. The experimental speeds of sound in 
liquid CD, at 90-115K are 11% lower than those in CHy, 18? 
compared to the above calculated 123%. 

In all methane isomers the ratio (vgth ayia ~ 4 in the 
dense liquid (Figure IV-26). In the monoatomic liquids 
argon, krypton and xenon near their triple points the 


206-208 Inelastic 


ratios were approximately unity. 
processes were negligible in the monatomic liquids, but 
appreciable in methane. The relevant electron energies are 
Sm eO tL Sey. No differences were observed between the 
isotopic isomers, within the experimental uncertainty of 
+10% (Figure IV-26). The ratio increases with decreasing 
density below 14 x 1027 molec/m3, passes through a 
euepes ‘S5*at*8s5° x 102/ molec/m? where the field dependence 
of wp changes sign, then decreases again. It equals 3 in 
the slightly supercritical fluids. Near ‘the’ cusp; electron 
heating occurs at fields < (E/n),,; because » is relatively 


insensitive to small increases of electron energy in this 


region. 


In Reference 48 the values reported for varie in CHy 


were too high (Figure IV-26) because the X-ray pulse width 
was not negligible compared to the drift times at high 
fields, and no correction (see Experimental section) was 
applied. The value of veri obtained at n = 17 x 1027 


molec/m? from Reference 48 agrees with that in the present 


i 6 so 


se. ef2 i ORs ae hee ait eft prioubes yd f 


a ait <2 2 es ty 2 7Sqx> oft ,20niset 2e6m 


+ egoar naif — Pit ee Ae I [+08 36 309 5 ae 
001 berelwolseo sevods sit oF Se se 
v) ob@s8 off evernel ensadiem iiss. 7 
Bio Ps 
att (96-VI esuott; biepit? 
+tad? ceed dosex Sas. sotqyte ae 
20$ Wasa viasemizo 3qqs SsiISw - 
ovseneawehs «i | eidzoiipent sxsw 
$a! = ‘tsva ley sAT -snsisom ok efdeic . 
“6 +46’ By6W goonete3i ib of Ve 5,0 
: treeereedPoa oft aittitiw ,saz9mosr ey ¢ a3 
: S26croit alvas sAT »(BS-VE ouunet) 4 


Sada Po Naiprtcke "SOL x M. woled ye 
bts (2) sci) Saenwy ba\soelow VSor x. 2:3 26° 28.57 
iT -ciep8  Psetetmeh nedz ,apia sepmeda! 4 


veto att $608 sabhate Ieolsiueveque Yisdpiies 
> ra a 


telex viva) eetsied 42a) » ablet? gs s1u990 Brees 


YOIaie jolseote.. Ie, 28 88 TON lLliams Oo? svister 


«ith 


EA ve 08 ceaaieed eaulev off 3S sone teton at 
slut Vsx=% heaits peusned (o8-VI saupit) dpid oot 
aowis jahat $a2 a3 hereqmoo eidipitoen Jor - 
3130538 (esnombragied $56) moltostz05 on bas —— 


Tl =, nm -$6 ler ais sv to iat sacle . Dok 


work when the correction is applied (see the X at n = 17 in 
Figure IV-26). 

The difference in behavior between methane and the 
noble liquids is attributed to the contribution of 
inelastic processes. The behavioral difference between 
electrons in methane and argon is also noticeable in 
(E/n)gnr (Figure IV-24). The threshold field has a 
pronounced minimum in argon, but only a shallow minimum in 
methane. The minima are related to the increase in p with 
decreasing n in this region. The differences are again 
Seectripncedinctoasthesn larger. .contributiciesoff inelastic 
processes to electron-molecule energy exchange in methane. 

In methane the ratio (vagthhi/ ax approaches unity in 
the low density gas (Figure IV-10) and equals approximately 
BA S81 shirAs ox 1027 molec/m?. At intermediate densities the 
ratio rises to a cusp at 8.5 x 102/ molec/m>. Although the 
increase of the ratio at intermediate densities probably 
contains a contribution from inelastic processes, the cusp 
is due simply to the change of sign of du/dE. Near the 
cusp, electron heating becomes appreciable at a field 
strength lower than that indicated by Wig alee. The heating 


is not detected because increasing the electron energy e 


haadhittle effect fonspeinethisixegionre dp/de 40% 
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pee Vensity Effect. 


In Figure IV-l is reported the density normalized 
mobility as a function of density in the coexistent vapor 
and liquid phases of CHy. The density region ‘up «ato 
b= ©,1 x 1027 molec/m? has been discussed in the previous 
sections. In this section the region corresponding to the 
liquid under its vapor pressure will be examined. The 
density of the liquid was increased by decreasing the 
temperature. 

The increase in np at densities greater than the 
critical (Figure IV-l1) has been attributed to the formation 
of a conduction band by overlapping of unoccupied molecular 
orbitals. This process is not exclusively connected to 
liquid phase behavior; it begins to be important in the 
dense gas. It was mentioned in the previous section that 
in the region where np decreases with n in the saturated 
CH4 vapor, the value of the quasifree electron mobili ysi- 
increases. *®© This means that electron motion is less 
hindered as the vapor density is increased. In the 
saturated vapor, however, the effect of quasilocalization 
in density fluctuations tends to overcome the effect of 


conduction band formation. In Figure IV-27 are reported 


Values. of..the..iow. field...mobility,as,;functions of the 


saturated vapor density. Around the critical density the 


mobility goes through a minimum. In this figure the last 
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FigureeIV-27. Plottof the’ @lecton’mebility (Yow !field) 
against the density in saturated CH, vapor. O repre- 
sents the isupercritical fluid@at ney and To FAO Hn 

The insert is an expansion of the critical region. 


These points have been multiplied by 1000. 
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point on the coexistence curve and the first point in the 
supercritical fluid Giftfer, by On5K, The point 
corresponding to the critical fluid is thought to be 
between these two points but somewhat closer to the value 
in the supercritical gas since the latter is 
tee O- 1K, =, 190. 7K. Conduction band formation counteracts 
quasilocalization in the coexistent vapor. This phenomenon 
takes place in a very limited temperature range which, 
however, corresponds to a fairly large change in density. 
It was also monitored by observing the appearance of two 
ramps on cooling from the supercritical fluid in the cell 
(see Experimental section) which allowed measurements in 
vapor and liquid phases simultaneously. The measurements 
in the critical region were always performed on cooling to 
minimize the effect of gravity which would induce density 
gradients. For this reason the top part of the cell was 
also kept two or three tenths of a degree cooler than the 
bottom. 

The most important molecular property affecting 
electron transport in the liquid phase of simple 
hydrocarbons is the degree of sphericity. /2:75 The density 
dependence of ny in spherelike methane is similar to that 
in spherical argon and xenon (Figure IV-28). On going from 
the ‘near critical fluid to the mobility.| maximum, np 
increases 5300 fold in xenon, 40 fold in methane and 10 


fold in argon. Although it would have been more direct to 
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plot » against n for the liquid phase, Np was chosen to 
facilitate comparison with gas phase results (see Figure 
Iv-1). The data are presented both as functions of n anda 
of n/ng- The densities at the mobility maxima increase in 
the order CHg < Ar ~ Xe < Kr. However, the value of av nays 
at NUmax increases on increasing the molecular size in the 
order Ar < Ciy< Xe < Kis The “value. of nop inthe? near 
critical gas is lowest in xenon because xenon has the 
largest polarizability (largest scattering cross section in 
the gas phase) and the lowest no; The reverse’ is true for 
Nu in argon. 

The increase in ny (Figure IV-28) in methane and in 
the noble liquids at densities above the critical is due to 
the establishment of the conduction band and to _ the 
decrease in magnitude of density fluctuations connected to 
the decrease in compressibility of the liquids. In Ar and 
CH,z the mean free path between scattering events of the 
thermal electrons is ~100 molecular diameters. A large 
angle scattering event will randomize the momentum of the 
electron. In Ar and CHy the electron will travel for about 
100 molecular diameters suffering small angle collisions 
during its path before the momentum is randomized. 
Electrons in the band are scattered by potential 


fluctuations produced by spacial and orientational 


disorder. Argon and methane are spherelike species, of 


roughly the same size and isotropically polarizable. In 
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these liquids the conduction band is relatively smooth. 
Potential fluctuations are small compared to thermal 
energy, therefore isolated scattering events will only 
contribute a fraction to the randomization of the electron 
momentum. On the other hand, in liquid ethane, a rodlike 
molecule, a potential fluctuation can be deep and wide 
enough that an electron can become localized in it. 

A maximum in mobility is observed in methane and in 
the noble liquids (Figure IV-28). The density normalized 
mobility maximum nypj,, Occurs at 10.8, 12.0, 12.1 and 13.7 
(1027 molec/m? ) in methane, argon, xenon and krypton, 
respectively. The maximum is interpreted in terms of the 
zero scattering length model of Lekner .132,139 The 
scattering length changes from positive at high densities 
to negative at low densities. Although it passes through 
zero at a certain density, the mobility remains finite due 
to density fluctuations. The change of sign of the 
scattering length is confirmed by the change of sign of the 
field dependence of »p: dyp/dE changes from negative at high 


densities to positive at a density ~20% below that of the 


207 
mobility maximum in methane, argon208 and xenon. 
igi 32 
The Lekner equation for [max 1} 
63em5’ 2 a a 2 
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where e(C) and m(kg) are the electron charge and mass, 
respectively, 5 is the molecular hard core diameter which 
is taken as n,~1/3 for the solid at the triple point, a, is 
the Bohr radius, Ros (3/4nn)1/3 is the Wigner-Seitz radius 
for the liquid at the density of Umax @ is the molecular 
Potarizability, and f, = [1 + (8/3) nmnal~! is the Lorentz 
local-field function. 

Equation IV-21 gave Umax about 20% larger than the 


208% gar 


experimental values in argon, krypton and xenon. 
methane the calculated values of pj, are too high by a 
Beetor of 2.2 in CHg and 2.6 in CDyg (Table IV=2)... Equation 
IV-21 applies less well to molecules that are less perfect 
spheres and that have internal degrees of freedom, which 
provide greater undulations in the conduction band lower 
potential surface and sources of inelastic scattering. It 
was suspected then that the trend would continue to 
neopentane, C(CH3) 4. which is a still more distorted sphere 
and has more internal degress of freedom than methane. The 
Tatio calc/expt is 4.7 (Table Iv-2). Mobilities in 
neopentane”// 98 are included in Figure IV-28B. Physical 
data required in Table IV-2 and not otherwise listed were 
obtained from References 216-220. 


The maximum in the mobility curve has been correlated 


with a minimum in the conduction band energy Vo as a 


function of density, which minimizes the potential 


fluctuations 136-139 In the absence of accurate electron- 
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molecule interaction potentials, it is not yet possible to 
calculate from theory the values of n where Vo,min 299 Umax 
occur. All the models reguire an adjustable parameter such 
as the hard core diameter, 221 Or input of the observed 
32 

value of Nimax* 
The factors in Equation IV-21 that favor a large De 
are: a) large molecules with not much space to move 


around, bad Be- = in pre vet am, ed 2 b) large c which 


Oo! 
reflects a small compressibility; c) large molecular mass 
and low temperature, m/73/2, which gives a small molecular 
displacement velocity; d) small polarization interaction, 
but it must be large enough to give a negative scattering 
length at low densities so that a conduction band can form 
at high densities. Factors a), b) and c) lead to low 
positional disorder, hence low potential fluctuations; 4d) 
refers to the nature of the electron-molecule interactions 
and is why the model does not apply to helium and neon, 
which have positive scattering lengths in the gas phase. 222 

If the molecules are not spherical, orientational 
disorder also contributes to the potential fluctuations 
that scatter electrons in the conduction band. There is no 


factor in Equation IV-21 that accounts for orientational 


so for progressively less spherelike molecules 


disorder, 
praperaftalls wafarther beliow | that? >'calculated® =Sfrom”* the 
equation. When the potential fluctuations are sufficiently 


large Pag ibeca bized St Wie Be Pee and localized°? states 
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ef the electron can form, which further decrease the 
measured wu. A possible interpretation of the relative 
insensitivity of (E/n) nr to deuteration of methane (Figure 
IV-24) is that shallow trapped states?24 are involved. The 
same would then be true in neopentane, although shallow 
trapped states are negligible in argon and xenon at 
n > ae 

Returning now to the discussion of the variation of np 
with n (Figure IV-28), the shallow minimum at n ~ 14 x 1027 
molec/m? arises from the transition between a region where 
decreasing the density loosens the structure and decreases 
the magnitude of the positive scattering length, and a 
region where increasing the density creates more order and 


decreases the structure factor. The liguids are under 


their vapor pressure, so increasing density is associated 


with decreasing temperature. 


c. Isotope Effect 


In Figure IV-29 the density normalized mobility in CH, 
is compared to that in the deuterated analogues. The same 


comparison is reported in Figure IV-30 as plots of the 


mobility against the reduced temperature T/T,- The reduced 


temperature was used to normalize for small differences in 


critical temperatures (Table II-1). Toe Pt GU Gel =o eels 


reported an expansion of the critical region. All of the 
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Figure IV-29. Density dependence of low field ny, in the 
liquid methanes. Symbols as in Figure IV-24. The arrow 


indicates the critical density. 


its me ga: bCaiN spats Se. wenabainuels. vilbedied iaSies\eiaapoedde una 


wee OM PECK ore an stones .aatason 
sytlanab (eokshxs os a 
2 pitigms ve ee 


a rT ee 
, —_ 
7 


7 fe 
 & Aw : 
a a ; _. - rt ba a TN Aa om ol : 


353 


Os) PA Okey a COMA. ENOL SO 1.0 
alc 


Figure IV-30. Thermal electron mobilities (low field) in 
coexistence liquid methanes as functions of the reduced 


temperature a 7aees Symbols as ‘in’ Pigunresiv—2Z47, 
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Figure IV-3l. Thermal electron mobilities (low field) 
in coexistence liquid and supercritical methanes as 
functions of the reduced temperature T/T, in the 


Vicinity of To: Symbols as in Figure IV-24. 
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features observed in CH, are also present in the deuterated 
derivatives. The variation of p» with temperature in the 
coexistence liquid is similar in each of the isotopic 
methanes (Figure IV-30). However, yp is ~30% lower in the 
deuterated methanes than in CHy. In each liquid) the 
mobility has a shallow minimum at T/T, x 0.7 and a maximum 
at AE ~ 0.94, The mobility maximum decreases in the 
SeceresCHal 2 CDa = CHD3:.> CH3D) 2) CHoD5) with pratios 
Pee 0. /a70.72:0.66:0.59. A similar pattern occurs near 
Pnemetriple point. By » contrast “the mobilities, at ‘the 
minimum are nearly the same in each of the deuterio- 
methanes and 0.72 of that in CHyg.- These differences 
disappear at the critical point (Figures IV-30 and 31). 
Mes molecular. symmetry of CHy isp yslightly altered aby 
deuteration. The CHy molecule in thesground vibrational 
State is a regular ' tétrahedyoniilswhich is isotropically 
polarizable. Replacement of hydrogen atoms by deuterium 
introduces asymmetry and changes the moment of inertia 


(Table II-1). On going from CH, to CH3D the average dipole 


e —6 
moment increases a thousand times from 5.4 x 10 Dy “t0 


5.6 mAs" p: Two of the moments of inertia increase by 
S39%, and so: on. The values of bPyax are quite different, 
being largest in CH, and smallest in CH2D) (Figure IV-32), 


which has the largest dipole moment and largest unbalance 


in moments of inertia (Table: II-1).. In the critical region 


the mobilities are the same in all the isotopic methanes, 
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Figure IV-32. Electron mobilities at the temperature of 


the maximum ace functions of the number of deuterium 


atoms substituted for hydrogen in CH,- 
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within the experimental uncertainty (Figure IV-31). The 
density fluctuations in this region dominate the electron 


scattering, and small differences in molecular properties 


are relatively unimportant at a_ given n/a <2) ae 
e/T. > 0.990. By comparison ee occurs at 
@ ogy. 1.72) 4 0.05, with T/T, = 0.94 + 0.01. 


The relative changes in mobility caused by deuteration 
are displayed by plotting the ratios of » in CHa to that in 
the deuterated compounds against n (Figure IV-33). On 
average, electron mobilities in the liquids are in the 
order CH, > CDyg x CHD3 > CH3D >» CH5D9. The curves have a 
shape similar to that of pu» against n, but the relative 
changes in the ratios are an order of magnitude smaller 
than that in the mobilities themselves (Figures IV-33 and 
29). The factors that govern the mobility are sensitive to 
the unbalancing of the molecule by isotopic substitution. 
The ratio bon, / YD is largest for the most unbalanced 
molecule, CHD, and the next largest for CH3D. However, 
it is not clear why the ratio is nearly the same for CD, 
and for CHD3- 

Inelastic collisions make an important contribution to 
electron-molecule energy exchange in liquid methane even at 
226 


energies <0O.1 eV. The low energy indicates that phonons 


and molecular rotations are involved. Both motions are 


affected by isotopic substitution. The lattice vibrational 


energies are related to the van der Waals forces and are 


S5i/ 


stm snaiszon Asoe ctteBy: aay mmmbohian, sateratee 8 


= 7 
of? .(1-¥E staph) yinkesaecdy Isinemtisqrs © + 


i 
sertoele ef? stectmob goiget ets. at enolssut ult 


soityeqgo%q usisoelom at seonezetrib Ilene ‘Bas 12 


.i o> os\s aevip @ Se @nstroqatas ylevi. 


ts e1u2so ae poe EXaqnmeos ya aad “-022,0 

10,0 + BOLO-= w\e astw ,20,0] £F EI 
noisszesvebh yt Bedves Yel ion ot‘ eepnado pa ¢ 
ai todd oF ,RD at @ 26 selrer ert? palsttolg aes al 
a) .CEE-VT sexe0et) @ stanlede ebruogmos bets: 


eds at e268 shlupil ef? ak aelszitidog eS 


ts 


r 


5 ovet wevin> eft ,pgeeo < Gg *« ¢GHD s pT. dg 
avigeaie: oft smd ,f Sapdips a To Sade oF asl 
~alleme ebudinpsast fo) sete es oX8 aol3sz a 7 
bts SF-Vl secwetyy eaptoomeuts aps Epa: ant ee 
ov sutciterkes ‘sos. \dtEdom ert nrxevop ted ‘st0tDs2 
woisgsizedos vigoieek ae Stile TGs Neds to paton 
boonetedres 3200 of DOT Seaptal wt dN 04 A 
yD X02 nee. oo? \MRRAOD) Gh Clowe ont yw aeels Joa REG 
od sacar snot ti aie ariotetiics Sexe " 
#8 deve onertzon Ptupkt a, epee wprene siuoeiom > 
MB enonariy Inds aatevbhat yesene wot ed? Ve £.0> 3 


Bi t5) 


-Ca 


spunoduos peyzezeqnep sy} UT eu OF 


c 


Dives 26-5 


oA 


-d 


€ 


HO 


4 


v 
: as pue edus “— ‘u Aqtsuep Jo suotzounZ se 4 qi vi HQ, 


atte ptnbt{T ut ARTTtTqow syz FO sotzey °E€f€-AT Sanbty 


(WW /S9|OW , 50 L)u 
vl Cl Ol ) 


“Jf 


= oo es oe oe 
oo -=-_ 


= 
~ 


. 
oh 


qaverte 


a 


Yul? * oe poverroue © 


ee Bai 


rL 


ESETOS SE FyS woprryss 


ss 
P=) os —) 7 
, - a ka 
“2 2 ? 
a << : 
ll ; 
i” . 
# 
e ; 
f-. | 
’ - 
‘ 
, 
é 
t*. 
’ 
: so 
i 
H 
an Tat 
+ 
‘ 
4 
. 


| . a 
yen, ia hoe 

r .  , \aawseetes satioaniah, « 7 

qh -- es Cres tved: sito teaely | 


on 


inversely proportional to the square root of the mass. The 
intermolecular forces are nearly the same in CH4g and CDy,.- 
The moment of inertia of CDyg is double that of CH, (Table 
II-1); the rotational constants 2B, are 0.64 and 1.30 mev, 


respectively.199 


Quasispherical molecules such as CH, and 
CD, are commonly treated as free rotors, but the vapor 
pressure isotope effect (see Section I-EF) offers evidence 
of hindered rotation in the liquid and solid phases in the 
temperature range 70-120K. 

It is not clear why the curves of the deuterio 
compounds come together in the vicinity of 14 x 1027 


molec/m? (Figures IV-29, 30 and 33). There might be two 


overlapping mechanisms that are shape sensitive. 


B. Ions 


1. Low Density Gas 


As in the case of electrons, an ion of mass m in ethe 


presenceyrof san, electricsnjfieldent will undergo = an 


acceleration eE/m, gaining energy. The energy lost by 
collisions .with molecules of ,.mass. Mis) proportional to 


m/M. The average drift velocity in the direction of the 


: : ee. 
field is given byl 04 


IV-22 
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where M, is the reduced mass of the ion-molecule system 


mM 
M cs ace se 


2 IV-23 


m+M 
<v> is the average relative velocity which for a Maxwellian 


distribution is given by 
<y> = (axT/am_)/? IV-24 


e is the electronic charge, k Boltzmann's constant, T the 
absolute temperature, n the number density of the molecules 
and o the scattering cross section. 


Equation IV-22 can be rewritten as 


(2 
Se ae ee IV-25 
- (u_) 2 ines 


where p, is the mobility of the ion. 
According to Equation IV-25, if o were independent of 


temperature, that is velocity, the density normalized 


mobility should vary as p-1/2 


In Figures IV-34 and 35 are reported the temperature 


dependencies of the density normalized ion mobility in 


gaseous CHy at n = 2.95 x 102° molec/m? and in gaseous CDy, 


where measurements were taken in a wider density range, at 


WeesO0.25 41362 and 5.0 (102° molec/m?). From these data it 
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can be seen that ny, does not follow a p-l/2 dependence and 
in CD4g the lowest density gives a higher set of values in 
the low temperature region. 

Viehland and Mason!16,117 developed a model similar to 
that proposed for electrons to calculate ion mobilities. 
The resulting equation is 

3e 2kT 


Os Jalan a (Be yre2 aay Ca exp (-M_v*/2kT) dv IV-26 
8M M fe) 
z 


G 


where v is the relative velocity of the ion with respect to 


molecule. and ‘co, isf> the _ion-molecule (scattering (cross 


Secreion for velocity Vv. 

Equation IV-26 was used to calculate density 
normalized mobilities as functions of temperature in CHy 
and CD, in a manner similar to that used for electrons. A 


on VS. € Curve was chosen and adjusted until the calculated 


Np, values matched the experimental ones. The calculation 
was performed in the temperature region 200-600K. Below 
200K it was thought that the variation’ of np, with 
temperature was dominated by clustering effects which 
should become more important on approaching the vapor 
saturation curve. This argument is supported by the higher 


values of np, obtained in CDg at a density lower by a 


factor of 20 than the other two densities. 
The result of this calculation is shown in Figure 


IV-36 by line A. It was assumed that the ions were mainly 
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PIgure IV-36. Ion-molecule momentum 


; + : 
sections ois of CH, molecules as functions of energy 


tee: ' 
A: present data, CH. ions. Bs: obtained’ from Gata’ of 


+ , , 
Reference 203, CH. tons * Cs> obtained’ “from@aaca or 


+ 9: 
Reference 203, C3HA TONS 
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CHe* Cor CDe*). The calculated values of Npy obtained with 
this cross section are shown as solid lines in Figures 
DV-24 “and IV-35. Ther ‘extracted = cross: “sectionuleie 
approximately constant up to e« ~ 0.05 eV and then it drops 
sharply at higher’ energies. This “rapid. drop *ise -an 
indication that clustering is an important process 
contributing to the temperature variation of Np, even at 
those temperatures (T > 200K) where ny, is the same for 
densities different by a factor of 20 (see Figure IV-35). 

Gee and Freeman?“ found that the effect of clusters is 
to produce a steep minimum in the calculated scattering 
cross section. They forced the behavior in dense ethane 
gas into the single-scatterer model for electrons and found 
that increasing the density to n/n, = 0.25 had the effect 
of greatly raising the apparent cross sections at low 
energies and lowering the cross sections at high energies 
thereby giving raise to a deep minimum. 

Saporoshenko294 measured mobilities of ions identified 
by mass spectrometry as functions of the applied electric 
field strength normalized by density, E/n (Td), in electron 
irradiated CH, gas as 300 + 5K in ethe pressure,) range 
Oise else COLY . He measured mobilities for CHe*, CoHs, 
C3H5” and C3H7"- The results for CHo™ and C3H 77 are shown 

They are given as density normalized 


in Figure IV-37. 


mobilities, nu,, against the density normalized electric 


field strength, E/n. The density normalized mobility in 
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both cases is field independent up to E/n ~ 60 Td. In CHe* 
it increases with increasing field to a maximum at E/n ~ 
e2OeTa se! ih C3H7* the maximum is located at a lower field, 
at E/n ~ 160 Td. Above the maxima the mobilities decrease 
with increasing field strength. The low field density 
normalized mobility obtained from these data at 293K is 
7.9 x 102! molec/vsm for cue" and 7.2 x 102! molec/Vsm for 
C3H7", the most massive ion observed. The value obtained 
in this work in CHyg at the same temperature is 5.4 x 1021 
molec/Vsm, again indicating that the observed ions were 
heavily clustered. 

In order to examine the shape of the cross section 
Curve that can be obtained from data not affected by 
multibody effects, the field dependences of mobility of 
CH,” and C3H7* reported by Saporoshenko were transformed 
into “effective temperature" dependences by use of the two- 
temperature approximation. 22° This model is a kinetic 
theory in which the trace ions present in a drift chamber 
are allowed to have a different temperature than _ the 
neutrals, as a result of the field E acting on them. In 
this model the average kinetic energy of the ions is taken 


to be the sum of the average thermal energy plus a 


contribution given by the field. 
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where Ty¢¢ is an “effective temperature" of the 1ONS 1 leets 
the temperature of the neutrals, k is Boltzmann's constant, 
M is the neutral mass and Vq is the ‘ion “drift velocity. 
The results of this transformation are shown in Figure 
IV-38 as plots of the density normalized mobility, Nps, 
against the effective temperature, 1 gare These data were 
used to extract cross sections in the same manner 
previously described. Curve B in Figure IV-36 represents 
the result of this calculation for CH, and curve C the 
scattering cross section extracted from data relative to 
C3H7". Calculated values of np, using these cross sections 
are shown as solid lines in Figure IV-38. The scattering 
cross sections calculated from data not affected by 
clustering decrease much more gently in the energy region 
(2)>40.1 tev.) where curve A drops sharply. °“Curves"¥8 anduc 
decrease with increasing energy in the region where curve A 
is constant. From these considerations it is concluded 
that the ions observed in the present study are polymeric 
and that the variation of mobility between 200K and 600K is 
not only accounted for by the change of the momentum 
transfer cross section with energy. 


Hiraoka and Kebarle?9 measured the temperature 


dependence of the equilibria 


+ _— 
CHet(CH4)m-1 + CHa 2 CH5"(CH4)m IV-28 
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Porm =< im to° 5% Measurements were made with a pulsed 
electron beam mass spectrometer in CH, at pressures up to 
4 torr and temperatures between 110K and 290K. The 
constants of each of the equilibria IV-28 were measured at 


different temperatures from the observed ion intensities 


ence reported as PVan‘t Hoff plots. The values of these 
equilibrium constants were extrapolated at higher 
Temperatures, uprto T = 667K ‘and at lower temperatures, 
down to T = 100K as shown in Figure IV-39. The relative 


concentrations of the various species, from the monomer to 
the hexamer were calculated using these constants at a 


density of CH, corresponding to the experimental conditions 


pose, Nn @= 2.95 x 102° molec/m? giving a pressure of 
eeaacm at T .= 300K. The distribution of species as a 
function of temperature is shown in Figure IV-40. In 


Figure IV-4l is reported how the average cluster size 
changes with temperature (curve A). In the temperature 


region of interest in this work, between 200K and 600K, the 


° ° + 
most abundant ions change from mainly trimers, (CHe )(CHy4) 5 


at 200K, to monomers, CHs*, atota 2 9o00K: Below 200K the 


concentration of large clusters increases quickly and this 


explains the marked curvature of the experimental np, curve 


represented by line B in Figure IV-4l. These observations 


Support the previous findings, namely the low value of the 


observed np, compared to that obtained from data not 


affected by clustering and the shape of the scattering 
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figure IV-39.—-Van"C™HoOLrt plotssier reactions CH, (CH,) 4+ 
- CH, = eile conte ier The numbers labeling the lines are 
values of m. The solid lines represent experimental values 


from Reference 202. The dotted lines represent the 


extrapolations used in this work. 
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cross section curve. Within the framework of the 
theory, 116,117 the change of mobility with temperature is 
entirely attributed to the energy dependence of the 
momentum transfer cross section. Clustering is taken into 


account by using the appropriate reduced mass for the ion- 


molecule system. The cross section varies as (m,)72/2, 
Considering the ions to be unclustered yields i = M/2 
whereas heavy clustering yields Ma Me inelusion® 4of 


cluster effects in the calculation of curve A in Figure 
IV-36 would have simply decreased the cross section without 
altering its shape. What has been found in the present 
study is that the temperature dependence of the density 
normalized mobility at low temperatures is dominated by 
changes in mass. At intermediate temperatures the apparent 
cross section is probably the combination of declustering 
and the energy dependence of the true cross section. 

From the experimental mobilities it is possible to 
calculate an average cross section, peers by inserting in 
formula IV-25 the values of reduced mass corresponding to 
the average cluster size at each temperature. The 
obtained in this way with temperature is 


e e + 
variation Of Oasve 


shown in Figure IV-42. The average cross section decreases 


with increasing temperature much more steeply intether “Low 


temperature region because heating the gas has the effect 


of reducing the concentration of large clusters. 
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It is concluded that the observed ion mobilities are 
those of ions which are _ clustered. The extent of 
clustering decreases with increasing temperature. At 
temperatures below 200K clustering has the dominant effect 
on the mobility while between 200K and 600K the density 
normalized mobility increases both because of decreasing 
mass of the ions and because of the decreasing momentum 
transfer cross section with increasing energy as indicated 
by data not affected by multibody effects. 

In Figures IV-43, 44 and 45 are reported the 
temperature variations of the density normalized mobilities 
in CH3D, CHyD5 and CHD3 respectively. The solid lines were 
Calculated by using curve A in ‘Figure IV-36 and the 
appropriate reduced masses. The cross section used for CHy 
and CD, does not reproduce the experimental data in the 
partially deuterated compounds. The calculated values are 
constantly lower than the experimental ones and the 
deviation between calculated and experimental values is 
largest for CHo)D2- If clustering, as indicated, is 
important in determining the temperature dependence of the 
mobility, differences between compounds at a = given 
temperature can be attributed to the same effect. A larger 


mobility corresponds to a lower reduced mass and therefore 


to a smaller extent of clustering. A possible reason for 


the observed differences between the partially deuterated 


compounds and the isotropic compounds CH, and CDyg 1s a 
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different extent of clustering. A cluster of molecules is 
stabilized if excess thermal energy can be distributed 
among several vibrational levels. However, “*for* thi’s “to 
happen, the vibrational levels of different molecules 
forming the cluster should match. The vibrational energies 
of CH and CD bonds are proportional to the square root of 
the reduced masses. C-D vibrational levels are 35% lower 
than C-H levels. Therefore, in a cluster composed of 
molecules containing both CH and CD bonds there is less 
matching of levels between different molecules and the 
cluster will break apart at a lower temperature. This 
should show up in the temperature coefficient of the 
mobility calculated near the coexistence curve where the 
effect of clustering is greatest. However, the scatter of 
the points does not allow a precise determination of Eu: 
The values obtained in CDy, CH2D2 and CHD3 between ~100K 


and 200K are all about 1 + 0.2 kJ/mol. For comparison RT 


ae ESOK2is 1%.2 ko/mol. 


2. Effect of Density 


a. Dense Gas 


Along the saturation curve in the gas the cation 


mobility decreases with increasing density (see Results 


section) The same behavior was observed for electrons. 


This is attributed to a crowding effect. 
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In Figure IV-46 are reported the electron and ion 
mobilities as functions of temperature in saturated vapor 
and) liquid CHy. The ion mobilities are between six and 
three orders of magnitude smaller than the electron 
mobilities on decreasing the density of the liquid from 
that at the triple point to that at the critical pointe. 
The curve in Figure IV-46 shows the variation of the 
density of the equilibrium liquid and vapor between 90K and 
Pee 190. OKs 

The density normalized electron mobility (Figure IV-1) 
is density independent at low gas densities. It decreases 
to a minimum in the dense gas and increases to a maximum in 
presaiquid at n ~ 10.7, x 1027 molec/m3. In Figure IV-47 is 
reported the density normalized ion mobility, np,, against 
the number density of the saturated vapor and liquid phases 
in all compounds. Within the experimental scatter no 
isotope effect is observed. The density normalized 
mobility is density independent between approximately 
1 x 102° molec/m? and.ecngecon dé dmx 1027 molec/m? at 
(2.9 + 0.2) x 1021 molec/Vsm for 70 experimental points. 
The mobilities of electrons are four orders of magnitude 
greater than those of the ions in the low density vapor 
(Figure IV-46). This is more than the difference that 
would be caused by the 10° fold difference in masses. 

It has been already mentioned that the ions are 


thought to be clustered even at low gas densities and at 
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u (m2/Vs) or n (107 molec/m?) 


0,18, 1a) 200 


T (K) 
Figure IV-46. Electron and ion mobi titaes wane coexistence 
vapor and Laue CH y as functions of temperature. 
Electrons: L) , vapor; ~ liquids x 7supeucr Bticale cas 
Ions: © ,vapor; Yow edaiequid? X ,supercritical gas 
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temperatures far from the saturation curve. This effect 
should be even more important in the saturated Vapor. By 
increasing the density, the extent of density fluctuations 
in the solvent increases. It has been shown that in the 
Cense (9as, at n.p.s x 1026 molec/m?, electrons can become 
quasilocalized in transient molecular clusters. The fact 
that the ion mobility normalized by the density does not 
change with density even in the region where the solvent 
molecules are Clustered can be attributed to the 
achievement of a relatively stable configuration of 
neutrals around the ion and to the small change in reduced 
mass produced by clustering of the solvent molecules. Lf 
the ions are heavily clustered M. ~ M and a relatively 
small change is produced by further cluster growth. 

Heating the gas at constant density raises the 
mobility. Figures IV-48 to 53 report Arrhenius plots of 
the i0n mobility in all’ scompounds: The temperature 
coefficients of mobility, at the densities indicated, were 
calculated in” ao \ manner oesimidar otoe | inate wused ye tor 
electrons. At the critical density the measurements in all 
compounds were plotted against the reduced inverse 
temperature, T/T as shown in Figure IvV-53. The scatter in 


the points is attributed mainly to errors in density and 


uncertainties in temperature. The temperature coefficient 


at n. was calculated using the low temperature points of 
e 


° * a 
CD, and CHD3- The value obtained, 180 kJ/mol, is assume 
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to be the same for the other compounds where no 
measurements near enough the critical temperature were 
taken. The temperature coefficients of ion mobility are 
compared to those obtained for electrons in Table IV-3. 


The energies of mobility activation for ions are remarkably 


similar to those obtained for electrons. For example in 
Sige at on = 5.5)9x 1026 molec/m?, Ey isaa.5 kd /mols for 
electrons and 1.3 kJ/mol” for” ‘ions. At Sys 0 29=x 1027 


molec/m? the values obtained are 16 and 1l kJ/mol 
respectively. This similarity indicates that the processes 
involved are the same in the two cases. The increase in yp 
for electrons on heating the gas at constant density is 
attributed to the decrease in the extent of density 
fluctuations and therefore in the concentration of "sites" 
for electron quasilocalization (see Equation IV-8 and 


following). 


b. Liguid Phase 


At densities greater than n,, in the coexistence 
liquid, the density normalized cation mobility increases to 


a maximum located at n w 10.5 x 1027 molec/m? (Figure 


IV-47). At approximately the same density a maximum was 


also found in the density normalized electron mobility 


(Figures IV-1 and 28). However the value of np, at the 


maximum is only a factor of approximately 2 higher than 
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TABLE IV-3 


BoP 


Electron and Ion Mobility Temperature Coefficients 
eet perature Coerricients 


Compound n/n ape 
26. =3 Ue 
CLO cam 27) (kJ/mol) 
CH, ie OF.09 IEPs) 
2O%0 0.48 16 
61 00 130 
CHD or. G OPEL 0 BES 
bial O11 La8 
oe OV2 3e9 
278 0 0.44 2 
61 1 F000 56 
CH.D. Jie OZ ARAN a) 
ZO 20 0.43 isi 
61 1.00 120 
CHD. 6.8 Oeil Ne) 
ee) O° 213 
2 aul 0.48 1.2 
61 1300 130 
CD, Seer! 0.06 deeds 
SERS) 0.09 Dye 
29:20 0.48 14 
61 18:00 130 
a. Electrons. From Arrhenius plots 
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that in the low density gas. For electrons an increase by 
a factor of approximately 50 was observed (Figure IV-1). 
Diffusion of an ion in a liquid involves concerted 
motions of many molecules. For this reason the ion 
mobility is correlated to the Vascosity 


_73,78,79,99,109,110 In Figure IV-54 are shown the ion 


n 
mobility and the viscosity??? in liquid and supercritical 
CH4g as functions of temperature. At high densities, when 


the mean free path between collisions is small compared to 


the molecular radius, Stokes’ law720 applies 
e 
Nhs = cr IV-29 


where r is the ionic radius and c a constant equals 6n for 
ions (stick conditions). This equation states that np, 
will be viscosity independent if r is constant. 


In Figure IV-55 are reported the ion mobilities in the 


deuterated compounds as functions of the reduced 
temperature T/T,. CHg is included for comparison. Within 
the experimental scatter there is no isotope effect. In 


Figure IV-56 the product of the ion mobility and the 

viscosity is plotted as a function of the viscosity. The 

values of n were taken to be the same in all compounds at 
i lot confirms the validity of Stokes' 

the same T/T,- This Pp 

hawestor 7 2 0.5 x ome kg/sm corresponding to Die. <0, 87 
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be estimated. The value Nh, = 2.4 x 190711 kgm/Vs2 (Figure 
mMveso) -givesjr = 0.35 -nm. The molecular radius can be 
obtained by values of the self-diffusion coefficient D by 


use of the Nerst-Einstein equation, 231 


ts IV 3.0 


in CH, the quantity | qDe/k? is, 603) x woes kgm/Vs2 232 
and gives r = 0.20 nm. This value agrees with estimates of 
the rigid sphere radius of methane in the low density 
gas. 733 

An attempt to take into account the effect of changing 
the density of the fluid to explain the breakdown of 
Stokes' law at low viscosities is a modification of 
Equation tv-29, 150, 234 

br 


Ci =) Iv-31l 
6nxr a 


ee 


where b is a constant and A’ is the mean free path between 
collisions. At high densities (n/n, 29125 0) Go Nok Sere Se 
Stokes' law is recovered. When ba/r approaches unity, 
Equation IV-3l indicates that np, should increase above the 


value expected from Stokes' law. A maximum is nny has been 


observed in several hydrocarbons!!2 and, within the 


scatter, there seems to be the hint of a slight maximum in 


the present data (Figure IV-56). However the major feature 
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of the region at low viscosities is the decrease in ny, on 
approaching the critical point. The decrease is not 
predicted by the model since one would expect X to increase 
as the density is further decreased. The decrease is 
mainly attributable to enhanced electrostriction23°~237 que 
to the “increased compressibility of the liquid as it 
approaches the critical region. 108,112 

The¥ dipCin’ (4: observeditin ‘Chevcritical ‘régione (Figure 
IV-55). can be attributed to the. same effect. It has been 


observed before in cyclic hydrocarbons!96,107,111 butinoe 


111 A 


in other hydrocarbons. smavliivdip’ Rin« mobility fon 


approacamig/ithe ‘critical region has. been scecently found 


238 It is now believed that this is 


also in dimethyl ether. 
a general phenomenon which happens in a very limited 
temperature region (~5K) and that can be obscured by 


temperature inhomogeneities. 
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APPENDIX 


Average Deviations 


The average percent error was calculated for several 
Sera, Ot ‘data in. Chapter IIl,. to “1llustrate “trey 
magnitude. The sets chosen in a Figure were those 
displaying more scatter. The results are given in Tables 


A-l and A-2. The average percent error was taken to be 


ks 100 lexpected - experimental | 
average @ errors = Ae » 


experimental 


where n is the number of experimental points. The expected 


value was taken to be the average mobility. 
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TABLE A-1 


Electron Mobility Errors* 


n Average 
Figure Tre) (1026 molec/m?) $6 error 
1-1 163.7 0295 O:..5 
1-1 636 0..295 D,.£5 
1=3 294.0 0.58 o- Ss 
1-8 149.0 S27 ©,.45 
1-9 Neato os <f 28 30 1 
1—1'3 194. 46 61 0.4 
1-16 146.5 ¥37 0.6 
2-3 VO9..3 0.49 pry 8) 
2-9 A194 Ct 1,46 
207 MSE 7 106 0..8 
3-2 3574. 7 0,320 OW 5) 
3-10 LEO) 42 61 LZ 
3-14 197 2. 12 0..9 
4-4 236,43 1322 0.8 
4-11 17230 2320 136 
4-15 ES, £O 94 1 <2 
5-5 433 Bi.akO 1,22 
50 186.1 36.0 0.9 
5-13 Y75,£5 105 0.4 


*based on the field independent region only. 
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TABLE A-2 


Ion Mobility Errors 


n 


Figure TK) (1026 molec/m?) 
1-20 ie Pleat s, O25 
1-22 2237.0 5D 
1-25 LO. 2 61 
1-26 Ie Ss) AS 
2=20 EAS, 15430 
OS RIRS: 19 2°2.0 27.20 
3-21 LSB9o%3 ZO. 
3-23 Vie Yelena: 95 
4-20 94.8 On iiss: 
4-22 434 0.43 
4-26 2300 6.8 
4-31 L93:0 ol 
4-32 lerereke) iki k7p 
5-19 593 07320 
BOT 293.8 0.50 
B= 2A PAgeO 4.46 
5-28 189.5 61 
5-29 184.0 94 
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